Mechanical haemolysis in a constant shear field. by James, Stuart L.
AUTHOR S\L. ' Z 4 + 7 Y S TITLE
CX
   \  v4
t^ rvto AJL^eKSr-

REGULATIONS FOR HIGHER DEGREES: COPYRIGHT
Preamble
Dissemination of knowledge is one of the objects of the University. Therefore 
Members of the University and others who submit theses/dissertations for 
higher degrees are expected to relinquish to the University certain rights of 
reproduction and distribution.
Moreover, it is recognised that applicants owe a duty to their Departments of 
study, the Academic Staff and sponsoring bodies for their respective contributions 
to the research. Within the limits of these requirements, the author's copyright 
is safeguarded.
REGULATIONS
1. When submitting a thesis/dissertation for the purposes of a higher degree 
the applicant shall sign an irrevocable authority in prescribed form appointing 
the Librarian his attorney with the right to reproduce the thesis/dissertation 
by photocopy or in microfilm and to distribute copies to those institutions
or persons who in the Librarian's opinion require them for academic (as 
distinct from commercial) purposes.
2. The Librarian in consultation with the appropriate Department of study or 
sponsoring body shall have the right to refuse to provide copies, or to 
impose such conditions as he thinks fit on the provision of copies, with the 
object of safeguarding the applicant’ s copyright and the interests of the 
University and the sponsoring body.
3. These Regulations are subject to requirements of any body under whose
sponsorship the research project giving rise to the thesis/dissertation is 
carried on. I
•: vA
X '
■ >\*W \
' , .  ■• • . ;  x  •;
V :• - ZA Y. . -A../ - '• ./
AX^Z.v,'A 'A$**£•:>•«• • Y Z Z A Y 7 ■:>!;!.. 'Y y Y Y i• Y ; ? ’A 'AY-v >  AA-'/-.'. ••? : ■ •*• ' - A ,•{; --V * 'R f e !
: Y  Y Y Y  -AA / ' ..'• 'A', ./ A./ • .•• ...•:. :"'k
MECHANICAL HAEMOLYSIS IN  A CONSTANT SHEAR FIELD
by
STUART L. JAMES B .Sc. M .Sc.
A th e s is  subm itted  in  p a r t  fu l f i l lm e n t  o f  the 
requ irem ents o f  the U n iv e r s ity  o f  Surrey le a d in g  
to  th e  degree o f  D octor o f  Ph ilosoph y.
J a n u a r y  1 9 8 1 .
CO N TEN TS
TITLE .
ABSTRACT.
ACKNOWLEDGMENTS.
CHAPTER 1.
In t r o d u c t io n .
CHAPTER 2. .
M echan ical h a e m o ly s is :-  An en g in eer*s  v iew  
CHAPTER 3..
B lood beh aviou r in  fo r e ig n  environm ents 
A b i o l o g i s t 's  v iew .
CHAPTER 4.
M o d if ic a t io n s  and c a l ib r a t io n s  o f  
v iscom eters  employed in  the experim en ts. 
CHAPTER 5.
Oxygenation  o f  b lood  in  a cone and p la te  
v is com ete r .
CHAPTER 6.
E f fe c t s  o f  plasma p r o te in  d e p o s it io n  ( in  a 
c o n e -p la te  v is co m e te r ) upon haem olysis in  
shear tim e f i e l d .
CHAPTER 7.
The e f f e c t  o f  su rfa ce  roughness on shear 
induced h aem olys is .
iii
PAGE
CHAPTER 8. 216
M ic ro s c o p ic a l ob serva tion s  o f  e ry th ro c y te s  
in  co n ta c t w ith  fo r e ig n  su r fa c es .
CHAPTER 9. 243
C on c lu s ion s .
APPENDIX A. 246
The o - to lu d in e  t e s t .
REFERENCES. 249
1ABSTRACT
Exposure o f  b lo od  to  a fo r e ig n  environm ent w i l l  n orm a lly  
r e s u lt  .in a l t e r a t io n s  to  the b lood  c o n s t itu e n ts . The 
v a r ia b le s  govern in g  the e x te n t  and typ e  o f  th is  damage are  
s t i l l  somewhat i l l  d e fin e d , d e s p ite  a la rg e  in v e s t ig a t iv e  
e f f o r t  o ve r  the la s t  tw en ty  y e a rs . In v e s t ig a t io n  o f  the 
in te r a c t io n  o f  the govern in g  v a r ia b le s  has been largely 
n e g le c te d .
Th is  work has sought to  study the in te r a c t io n  o f  th ree  
param eters, v i z  the shear ra te  to  which the b lo o d  is  exposed, 
the tim e o f  exposure, and some c h a r a c t e r is t ic s  o f  the 
su rface  to  which the b lood  is  exposed.
Bovine b lo od  was sheared in  a constan t shear f i e l d ,  
produced by a m o d ified  cone and p la te  v is c o m e te r . B lood 
damage, as measured by h aem olys is , in crea sed  both  w ith  
in c rea s in g  shear r a te  and w ith  tim e . No c r i t i c a l  shear ra te  
was found a t  any tim e in t e r v a l ,  but r a te  o f  haem olysis 
decreased  w ith  tim e , e s p e c ia l ly  a t  h igh e r  shear r a te s .  Th is 
decrease was thought to  be due to  d e p o s it io n  o f  plasma 
p ro te in s  onto th e  v is c om e te r  p la te  su rface , fo rm ing a 
p r o t e c t iv e  c o a t in g . The p resence o f  th is  c o a t in g  was v e r i f i e d  
by u sing f lu o r e s c e in  con ju ga ted  a n t ib o d ie s . The c o a tin g  
c o n s is ted  c h ie f l y  o f  f ib r in o g e n  and albumen. Some 
immunoglobulins and complement were a ls o  p re s e n t. The 
fib r in o g e n  and albumen coa ts  are not homogenous but areas 
o f  sparseness are  v i s i b l e .
tThe e f f e c t  o f  su rfa ce  roughness upon b lood  damage was 
a ls o  in v e s t ig a te d  u s in g  v e r y  w e l l  d e fin ed  su rfa ces  as the 
v is com ete r  p la t e s . The most damaging su rfa ce  had a peak to  
peak d is ta n ce  o f  2 .5 m icrons, the damaging e f f e c t  d ecreas in g  
a t  s h o r te r  and lo n g e r  d is ta n c e s . In  th is  experim en ta l system , 
the haem olysis observed  was e n t i r e ly  due to  red  c e l l  in t e r ­
a c t io n  w ith  the p la t e  su r fa c e .
Red c e l l/ fo r e ig n  surface in te ra c t io n  was stud ied  w ith ’ 
l ig h t ,  scanning e le c tro n  and transm ission e le c tro n  m icroscopy. 
Red c e l ls  can te th e r  to  ad jacen t fo re ig n  surfaces during flo w , 
and th is  may be a mechanism o f  haem olysis.
I t  was a ls o  found th a t  b lo od  can become oxygenated when 
b e in g  sheared in  a cone and p la te  v is com ete r , and th a t th is  
was caused by gas exchange a t  the cone p e r ip h e ry , p robab ly  
f a c i l i t a t e d  by secondary r a d ia l  flow s  under the cone.
2
3ACKNOWLE DGME NTS
I  would l ik e  t o  thank the Department o f  M echanical 
E n g in eer in g , U n iv e r s ity  o f  Su rrey , f o r  making i t s  
f a c i l i t i e s  a v a i la b le  to  me f o r  th is  p r o je c t .
I  would a ls o  l ik e  to  thanl-c Mr. J. W ie lo g o rs k i f o r  
h is  su p e rv is io n  and a d v ic e  throughout my work; Dr. P. 
R ichards fo r  h is  many h e lp fu l  su gg es tio n s ; and my w ife  
f o r  h er encouragement and f o r  typ in g  th is  th e s is .
4INTRODUCTION
The techn ique o f  p erfo rm in g  su rgery  upon the in n er 
p o r t io n s  o f  the human h ea rt  has become p o s s ib le  s in ce  the 
in tro d u c tio n  o f  m echanical equipment capab le o f  m a in ta in in g  
b lood  f lo w  and b lo od  oxygen a tion  during c e s s a t io n  o f  .h ea rt 
and lung fu n c t io n .
The f i r s t  su cce ss fu l open h ea rt o p e ra t io n  was 
c a r r ie d  out by Gibbons in  1953. The p r in c ip le  which he 
adopted was to  re p la c e  h e a r t  fu n c tion  by means o f  a m echanical 
pump o f  the r o l l e r  v a r ie t y ,  th is  type  s t i l l  b e in g  u s e d , 'w ith  
m o d ific a t io n s , to  th is  day. Lung fu n c tion  was rep la ced  by 
means o f  an oxygen ator o f  the screen  v a r ie t y ;  a lthough th is  
has s in ce  been superseded by bubble and membrane typ e s . The 
screen  oxygen ator c o n s is te d  o f  an en c losed  v e r t i c a l  m eta l 
meshwork down which b lo od  was a llow ed  to  f lo w . Oxygen was 
passed in to  the bottom  o f  the oxygen ator and t r a v e l le d  upwards 
o ve r  the meshwork, the b lo od  thus becoming oxygenated  during 
i t s  passage through the d e v ic e .  Gibbon's' equipment a ls o  
in c lu d ed  f i l t e r s  and a h ea t exchanger, and th e  va riou s  
components were lin k ed  by tu b in g . B lood was drawn from the 
p a tien t's  venous system , t y p i c a l l y  from  the vena cava, and 
re tu rn ed  v ia  the e x tra c o rp o re a l c i r c u i t  t o  an a r te r y ,  t y p ic a l l y  
the fem ora l a r t e r y .  The patien tte1 b lo od  thus bypassed th e h ea rt 
and lungs co m p le te ly .
C H A PT E R  1
5Th is techn ique made p o s s ib le  a range o f  new h ea rt  
op e ra tion s  in c lu d in g  c lo s u re  o f  s e p ta l d e fe c ts  between the 
chambers o f  th e  h e a r t ; su rg ery  on deceased and in s u f f i c i e n t  
h ea rt v a lv e s ;  and in  th e  l a s t  few  yea rs  t o t a l  h ea rt  tra n s ­
p la n ta t io n .
The h ea r t- lu n g  bypass techn ique p e r  se poses new 
and as y e t  in com p le te ly  s o lv e d  q u es tion s . A lthough  some o f  
the body te fu n c tion s  have been taken o ve r  by h ea rt- lu n g  bypass 
(H .L .B .) many o f  the com plex and in te r a c t in g  p rocesses  o f  
the b o d y 's  p h y s io lo g y  have n o t. Claude Barnard has s ta te d  
th a t a l i v in g  b e in g  is  a system  o f  f i n e l y  ba lanced , in t e r r e la t e d  
mechanisms so e v o lv e d  as to  m ain ta in  a con stan t environm ent 
w ith in  the body, h is  so c a l le d  "M il ie u x  in t e r i e u r " . Upon 
expos in g  a body t is s u e ,  in  th is  case b lo od , t o  a n o n -p h y s io lo g ic a l 
(and most p robab ly  h o s t i l e )  environm ent such as a h ea rt- lu n g  
bypass system , th ese  mechanisms may be exp ec ted  to  have s tre s s e s  
imposed upon them not n orm ally  encountered  in  v i v o , and thus a 
c e r ta in  amount o f  t is s u e  damage w i l l  be caused.
Damage in  th is  th e s is  i s  d e fin e d  as a l t e r a t io n  to  
a t is s u e  such th a t  one o r  more o f  i t s  p h y s io lo g ic a l ,  b ioch em ica l 
o r  s t ru c tu ra l fu n c t io n s , as observed  in  normal s u b je c ts , is  
a l t e r e d  o r  in h ib it e d .
The advent o f  H .L .B . has a llow ed  th e  use o f  n ove l 
approaches to  the trea tm en t o f  h ea rt  v a lv e  d is e a s e , namely 
the com plete rep lacem ent o f  d e fe c t iv e  v a lv e s  and rep lacem ent 
w ith  m echanical d e v ic e s . As w e l l  as th e  problem s mentioned above, 
th is  techn ique poses problem s o f  the converse ca se . The body,
in  t r y in g  to  p r o te c t  i t s e l f  from any d e tr im en ta l e f f e c t s  o f  
the v a lv e ,  becomes h o s t i l e  to  th e  v a lv e  m a te r ia l i t s e l f  
(B lackshear 1972).
Damage caused to  a su b je c t  on H .L .B ., o r  w ith  a 
p r o s th e t ic  v a lv e ,  can be n om ina lly  d iv id e d  in to  two typ e s . 
F i r s t l y ,  damage caused d i r e c t l y  to  the b lo od , and secon d ly  
damage caused to  the s u b je c t 's  o th e r  t is s u e s  as a r e s u lt .
B lood damage w i l l  in c lu d e  plasma p ro te in  a l t e r a t io n  (Vroman, Adams, 
and K lin g s  1971, P a rk er. 1972), damage to  w h ite  c e l l s  and 
p la te le ts , (S a lz m a n  1971) and damage to  e ry th ro c y te s  (red  b lood  
c e l l s )  (Bernstein,Blackshear,& Keller 1967). E ry th ro cy te  damage 
may take s e v e ra l form s, e i t h e r  com plete d e s tru c t io n  o f  the 
c e l l ,  o r  a s p i l la g e  o f  some o f  th e  c e l l ' s  in te rn a l  components 
in to  the plasma. A l t e r n a t iv e ly ,  th e  e ry th ro c y te  may lo o s e  a 
sm all haem oglobin f i l l e d  fragm ent o f ,the c e l l  membrane 
fechmid-Shonbein and W ells  1968), o r  i t  may s u f f e r  damage 
which leads to  an in c rea sed  s u s c e p ta b i l i t y  t o  fu r th e r  damage, 
a phenomenon r e fe r e d  to  as s u b le th a l damage (B ern s te in
et a) 19 66) . Any e r y th ro c y te  damage in v o lv in g  lo s s  o f  
haem oglobin is  r e fe r e d  to  as h aem olys is .
Secondary damage o ccu rin g  to  th e  s u b je c t 's  o th e r  
t is s u e s  in c lu d es  pulmonary oedema (W righ t 1962 ); so c a l le d  
"p e r fu s io n  lung syndrome" f e a l l e t t i  1962 ) , th is  is  patchy
c o lla p s e  o f  a l v e o l i  and in c rea sed  s t i f fn e s s  o f  the lungs; 
p o s s ib le  anaemia (B ra in  1969); e l e c t r o ly t e  ba lance d istu rbances 
(C lo w es . 1966) and h aem o ly tic  ic te ru s  ( G a l l e t t i  1962).
An im portan t r e a c t io n  o f  th e  body to  H .L .B . and p ro s th e t ic
7h ea rt v a lv e s  is  th e  fo rm ation  o f  throm bi. T h is  may not be 
regarded  as damage as i t  i s  a normal p r o t e c t iv e  mechanism o f  
the body, but in  th is  case i t s  e f f e c t s  a re  n orm a lly  d e tr im e n ta l. 
A t le a s t  two types o f  c l o t  fo rm ation  can form . The f i r s t  o f  
th ese  in v o lv e s  a c t iv a t io n  o f  th e  c lo t t in g  fa c t o r  cascade, 
which f i n a l l y  r e s u lts  in  the con vers ion  o f  f ib r in o g e n  to  f i b r in .  
The f i b r in  mesh so form ed en traps e r y th ro c y te s , amongst o th e r  
b lo od  components, and forms a 'r e d  c l o t 1. Th is  r e a c t io n  is  
norm ally  p reven ted  du ring H .L .B . by suppression  o f  the c lo t t in g  
cascade by h e p a r in is a t io n  o f  th e  p a t ie n t .  The second typ e  o f  
c l o t  in v o lv e s  the r e c o g n it io n  o f  fo r e ig n  su rfa ces  by b lood  
p la t e l e t s ,  which subsequently  a gg rega te  on to  th a t  su rfa ce  and 
f i n a l l y  form  a 'w h ite  c l o t '  (Dutton e t  a l  1969). The w h ite  
c l o t  occurs more fr e q u e n t ly  in  H .L .B ., whereas both  may occur 
on p r o s th e t ic  v a lv e s  s in ce  h eparin  is  not p resen t in  th is  
ca se .
The a g g re g a t io n  o f  p la t e le t s  in  co n ta c t w ith  fo r e ig n  
su rfa ces  is  promoted by the p resence o f  red  b lo od  c e l l s  
(Stormoken 1971). Th is  may be due to  the p h y s ic a l presence 
o f  th e  red  c e l l s  cau sing fa s t e r  random m otion  o f  the p la t e le t s  
through the  b lo od . A l t e r n a t iv e ly  th is  phenomenon may be due to  
the red  c e l l  c o n s titu e n ts  (p o s s ib ly  adenosine tr ip h o s p h a te (A T P )) 
b e in g  l ib e r a te d  in to  the plasma and causing in crea sed  p la t e l e t  
s t ic k y n e s s .
Haem olysis is  an im portan t fa c t o r  in  h ea rt lung 
bypass f o r  s e v e ra l reason s . F i r s t l y ,  the e le v a te d  
haem oglobin l e v e ls  in  th e  plasma can be d e tr im en ta l to  the
8p a t ie n t 's  h e a lth . S econd ly , haem olysis can promote thrombus 
fo rm ation , t h i r d ly ,  the lo s s  o f  red  c e l l s  can promote anaemia, 
and fo u r th ly ,  and most im p o rta n tly , red  c e l l  damage p robab ly  
se rves  as an in d ic a t io n  o f  damage caused t o  o th e r  b lo od  elem ents.
These fa c to r s  to g e th e r  l im i t  the tim e which a p a t ie n t  - 
can spend on h ea r t- lu n g  bypass to  about f i v e  hours. Th is  p e r io d  
is  norm ally  s u f f i c i e n t  f o r  most modern s u r g ic a l p rocedu res , 
bu t when p a r t ia l  bypass is  used as a support system f o r  an 
a i l i n g  h ea rt  o r  lung, support f o r  s e v e ra l days may be n ecessary . 
U nacceptable haem olysis  l e v e ls  may a ls o  occu r w ith  p r o s th e t ic  
h ea rt  v a lv e s ,  im p lan ted  f o r  l i f e ,  which w i l l  n e c e s s ita te  a 
second o p era tio n  to  re p la c e  the v a lv e .
In  an e f f o r t  to  s o lv e  th e  c l i n i c a l  problems a s s o c ia ted  
w ith  h aem olys is , i t  is  p rob ab ly  b e n e f i c ia l  t o  attem pt to  answer 
some o f  the more fundamental qu estion s posed. These qu estion s 
f a l l  in to  th ree  c a t e g o r ie s .  F i r s t l y ,  m echanical fa c to r s  a f f e c t in g  
haem olysis need t o  be c l a r i f i e d .  For in s ta n ce , under what flo w  
co n d itio n s  does haem olysis occu r, and how do th e  m echanical 
c h a r a c te r is t ic s  o f  su rfa ces  w ith  which b lood  comes in to  co n ta c t 
a f f e c t  haem olysis? A ls o  what p e c u l ia r i t i e s  o f  pump and oxygen ator 
des ign  in c rea se  haem olysis r a t e s .  S econd ly , how do th e  m echanical 
c h a r a c te r is t ic s  o f  red  c e l l s  a f f e c t  t h e i r  response to  s tre s s ?  
T h ird ly ,  how is  th e  b io lo g y  o f  b lo od  in v o lv e d  in  m echanical 
haem olysis? What p h y s io lo g ic a l  changes take p la c e  in  the b lo od  
during m echanical s t r e s s ,  what fa c to r s  a llo w  re c o g n it io n  o f  
fo r e ig n  su r fa c e s , and o f  g r e a t  im portance, why does haem olysis 
not occu r in  normal h ea lth y  peop le?
9Some of these questions have, to an extent, been 
answered. It is known that insufficiently occluded roller 
pumps, bubbles in oxygenators and plastic surfaces all cause 
haemolysis to some extent. (Blackshear 1972, Stewart and 
Sturidge 1959). Some mechanical characteristics of red cells 
have been elucidated and levels of injurous stress tabulated 
(Neveril et al 1968).
The aim of this work is to clarify some small areas 
of the haemolysis problem; a problem which needs to eventually 
be solved by a complete understanding of all the mechanisms 
involved; both mechanical and biological.
Firstly it is attempted to discover how haemolysis 
is affected by various shear rates in the blood, acting over 
different time intervals, and the effects of plasma components 
upon this. Secondly to further clarify the effects of surface 
roughness upon haemolysis, and thirdly to obtain some evidence 
concerning the microscopic interaction between red cells and 
foreign surfaces.
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MECHANICAL HAEMOLYSIS- AN ENGINEER'S VIEW.
While it is convenient to consider mechanical 
haemolysis from both the engineer's and the biologist's point 
of view, it would seem that the boundary between these two is 
a diffuse one, and consequently a certain amount of overlap of . 
concepts will occur.
It is appropriate to define firstly some of the more 
basic terms employed in discussing blood flow. Shear rate may 
be defined by considering two infinitely large parallel planes 
constraining fluid between them. If one plane is held stationary 
while the other is moved at a constant velocity parallel to 
the first plane, the shear rate in the fluid will be the ratio 
of the velocity of the moving plane to the perpendicular distance 
between the two planes.
If one now considers the force in the direction of 
the movement of the plane imposed upon the fluid, then the 
force per unit area of the moving plane is referred to as the 
shear stress, (Fig. 2:1). Thus a shear stress applied to a 
fluid will produce a shear rate under most conditions. If the 
relationship between the shear rate (if) and shear stress ftf)
, proportional, the fluid is referred to as Newtonian, and the 
resultant constant (/# provided by the ratio of shear rate to 
shear stress as the Newtonian viscosity, (Thus #) . Blood,
however, by virtue of its heterogeneity, does not exhibit this
CHAPTER 2
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Fig. 2 : 1 . Definitions of shear stress and shear rate.
Shear rate =
Shear stress = ~
12
very low applied shear stress, in the order of 0.003 to 0.2 
2dynes/cm , depending on the method of measurement used, blood 
will exhibit no shear rate, that is it behaves as a solid,
This limiting value of shear stress which will just produce 
a shear rate is known as the yield stress of blood ('Ky) . The 
yield stress is thought to be due to red cell - red cell 
interactions, forming aggregates of cells.- The actual yield 
stress value is probably dependent upon more factors than 
just the interactive forces between red cells, such factors as 
orientation of the aggregates and columns of cells within 
the measuring device. The interactions of cells with the 
surfaces of the measuring device must be considered, as these 
also may produce spurious results. Plasma alone exhibits 
no appreciable yield stress (Dintenfass 1962). At levels of 
shear stress above the yield stress blood remains a non- 
Newtonian fluid.
With increasing shear rate, the shear stress increases 
in a curvilinear way, the graph curving towards the shear 
rate axis. This phenomenon is known as shear thinning (Fig.2:2)
This effect is thought to be partly due to the 
progressive break up of cell aggregates as shear stress 
increases (Charm and Kurland 1974) and also to a shape change 
in the red cell from a disc to a spindle shape(Schmid-Shonbein 
and Wells 1968) • Above a shear rate of about SOsec"’’1' blood 
shows approximately Newtonian behaviour. This is probably 
due to an equilibrium being reached in cell shape and
linear relationship, and thus is deemed non-Newtonian. At
13
Shear stress vs. Shear rate curve for whole blood.
Fig. 2:2
Shear stress
14
aggregate size. Several attempts have been made to model the 
shear stress - shear rate behaviour of blood. For instance. 
Charm and Kurland (1962) suggested a "power law" relationship 
such thats-
X = b#S (2 :a)
where T - shear stress 
# = shear rate 
and b & s are constants.
The Hershel-Bulkley equation (1926) has also been used to 
describe the relationship thus:-
r  = bf  + c (2 :b)
where c is the blood yield stress.
Both of these models were found to deviate from empirically 
derived results when applied over a range of more than two 
decades of shear rate (Charm 1965). The most useful model 
devised to date, due to its accuracy and simplicity, is that 
by Casson (1958), used originally to describe the flow of 
printers ink, thus:-
X* =  K f  +  c *  ( 2 : c )  
where K = Casson 'viscosity1.
This equation describes the flow of a particulate suspension 
in which the degree of particle aggregate disruption is a 
function of shear rate. As can also be seen from (2:c) a 
shear stress may exist without a shear rate, by virtue of the 
term c, the yield stress. This equation will hold true for 
blood at least over the shear rate range of 1 -1 0 0 , 0 0 0 sec 
(charm and Kurland 1962). Below 1 sec 1 the Casson eguation
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does not describe the empirical curve quite so well, but 
this may be due to artifacts associated with the measuring 
device rather than showing a fundemental discrepancy exists.
If the yield stress c is reduced to zero, it will be seen 
that the equation reduces to that for a normal Newtonian 
fluid.
This model suggests that the yield stress effect 
and the curvilinearity of the relationship is governed .by. 
the presence of the value c , which in itself describes the 
interparticulate attractive forces acting between red cells 
at various shear rates. The'shear thinning' or non-linearity 
of the graph may also, in part, be due to a change of red cell 
shape. The importance of cell shape in blood viscosity 
measurments may be demonstrated by exposing normal red cells 
to glutaraldehyde to fix them in their biconcave form, and 
then comparing their viscosities at various shear rates 
with those of normal blood.
While normal blood exhibits 'shear thinning', fixed 
red cells exhibit a 'shear thickening' effect (Chien 1969).
It is suggested that the good agreement between Cassons 
equation, and experimentally derived relationships, is more 
fortuitious than it at first appears, since the equation 
contains no terms describing particle shape.
This unusual viscosity behaviour of blood will also 
affect its flow patterns.In the most usually considered case 
of pipe flow, deviations from Poiseuilie flow will occur.
In many parts of an extracorporeal device, and
: 1
(excepting the ascending aorta) in the in vivo case, blood
w m m  „  .  . «  r  ■ / .exhibits laminar flow. Laminar flow occurs when every particle of
^^^^^^^?Jthe fluid moves in the overall direction of bulk flow. Turbulent 
flow occurs when some fluid particles no longer follow;the 
streamlines in the fluid but diverge from the overall direction ofg p f W i p Y
. .. . ■^ B S ^ P i ' ^ u l k  flow. The state of flow in any case has a parameter, the
Reynolds number, Re, associated with it (Re = where' p  = the
density, v = the velocity and d = the tube diameter) . If , for a 
particular-case the critical Reynolds number is exceeded,
m m  >
fturbulent flow takes place. Cells in the fluid are known to 
J strike the wall of the tube (Keller and Yum 1970) but flow
H N S
m m
reversal
w m m S i i
does not necessarily
take place. Deviation from strict laminar flow tends to be
to ramdom 
.Reynolds number for 
case. Goldsmith (1971), for instance, has actually
m0§§M i r  
i i f e k
minimal:, the deviation of cells being due more 
® ® | | ^ ® j w a l k  than to an• actual exceeding of the eynolc
Y 7  - , - ■
7 YfY¥;Y‘ jtracked individual red cells in a suspension of red cell
and found them to have an erratic motion, the 
lions from the streamline direction being greatest
near the tube wall. He found that the actual fluctuations were
■■■an average of 15% of the■ average cell velocity. If. one considers
m m s m ^  (Fig. 2:3) a slug of blood radius R, flowing through a pipe-of
mrnlmi | radius R^ and length L, motivated by a pressure difference P
between the two ends of the slug, then, for steady flow of 
& constant velocity -V, the force acting on the cross sectional
area of the fluid P*CR , must equal the drag forces imposed upon
Ijthe fluid surface 4T2RL, (where 4/ is the shear stress), so that
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Fig. 2;3. Fluid flow in a pipe.
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PflJR2 = 'tf 2’rtRL (2 : d)
If this is then substituted in Cassons equation one obtains
If this equation is then integrated and a no slip wall 
condition is assumed as a boundary condition, then for any 
particle in the fluid, its velocity v is given by
with this equation, the first being that it yields a
parabolic velocity distribution across the radius of the
tube. If one considers the flow near the axis of the tube,
it will be seen that the shear stress between two adjacent
laminae of fluid gradually approaches zero. It has been
stated that the yield stress of blood will cause the blood to
behave as a solid at low shear stress, and thus the axial
portion of the blood will flow unsheared. To obtain the
radius of this unsheared portion , the yield stress C is
substituted for the shear stress V in the equation (2 :d),
2 LCyielding R^ = -p— . Thus, considering equation (2:f), if R^ is
less than 2LC the whole plug of blood should flow unsheared.
P..
The second problem is that the boundary condition
l
12 1.
+ c 2 (2 :e)
i
There are, however, certain problems associated
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assumed, i.e. no slip at the wall, may not be valid. In very 
small diameter tubes, of 40-67 microns, Bugliarello (1965) 
has shown that there is a considerable blunting of the 
velocity profile of blood across a tube, which when 
extrapolated to the tube wall shows a slip condition exists. 
Blackshear (1971) has also investigated this problem using 
a Laser-Doppler measuring device. This technique relies upon 
the measurement of a Doppler shift between laser light, after 
it has been scattered from flowing red cell ghosts in 
suspension> and the incident laser beam. He used a . 
concentration of ghosts of 40% and a flow channel of a width 
of 410 microns. Again a blunted velocity profile resulted 
which, when extrapolated to the wall, gave a slip velocity 
of 20% of the centre line velocity.
Another method used by Blackshear (1971) involved 
using a three dimensional flowmeter. Using this apparatus 
he could record photographically the position and velocity 
of individual cells with respect to three orthogonal axes 
with a positional accuracy of 2 microns. This technique 
was used on a 50% ghost suspension in a 100 micron wide 
channel and again yielded a blunted velocity profile. The 
slip velocity at the wall was, in this case, 37% of the 
axial velocity.
Blackshear stresses that in these two cases the 
blunting of the profile is due to the existence of a wall 
slip condition, ,and not entirely due to the existence of 
a yield stress in the blood. This statement is based upon
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Forstrum's observation (1971) that for blood flowing at 
high velocity, (which in this case may be considered to be 
a Newtonian fluid) a relationship exists such that
where is the apparent wall slip, velocity,
R is the tube radius,
r is the radius to a point at velocity U,
& U is the centreline velocity, max
This equation describes a blunted parabola, with the
blunting being due to the terms containing U .w -
However, the wall slip velocities shown by both 
Blackshear and Bugliarello are derived from extrapolations 
which, per se, may not be valid. The measurements were made 
on particles, in this case erythrocytes, which may not 
extend to the wall due to the existence of the so called 
plasma skimming layer.
Xf the cells are uniformly distributed to the 
tube wall, Bennett (1968) has shown a five-fold velocity 
increase between cells in contact with the tube wall and 
the next laminae of cells. This may make the existence of a 
true wall slip velocity unnecessary as the velocity profile 
will become very steep near to the wall.
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It becomes apparent that the flow conditions near 
to the tube wall are important when one considers the most 
generally held views on the mechanism of mechanical 
haemolysis. At shear rates of magnitudes normally found 
in heart lung machines, haemolysis is thought to be due to 
red cell interaction with a foreign wall. The red cell 
possibly sticking to the wall and then being removed by fluid 
flow, and damaging the cell. If a no slip condition actually 
exists at the wall, then as the red cell membrane approaches 
very closely to the wall, the final layer of non moving 
plasma molecules may enhance cell adhesion. In these 
conditions a large shear rate would exist across the cell as 
the velocity distribution would be very steep immediately 
adjacent to the wall. If on the other hand, a true slip 
condition exists, the shear rate across the cell would be 
reduced, and the final stages of cell adhesion would require 
the cell membrane to stick while still in motion. If Bennett's 
suggestion holds true, cell adhesion may be facilitated and 
the shear rate across the whole cell lowered, but the shear 
stress upon the upper border of the cell would be large.
When blood flows through a narrow bore tube of 
diameter 1 0 0 0 microns or less, a plasma skimming layer is 
observed (Charm&Kurland 1974) . This was described as a cell free 
layer next to the tube wall, extending a certain distance 
towards the tube axis. In fact, it has since been shown by 
high speed cinematography ( Bloch 1962) that this layer, 
as observed under an ordinary light microscope, is really
*a cell poor layer. Cells tend to leave the main body of cell 
flow, traverse the plasma layer, and return to the main flow.
If a tube wall interaction model of haemolysis is to be 
adopted, the red cells must be seen to at least reach the 
tube wall. This effect must presuppose at least two radial 
forces acting upon the cells flowing in the tube, one to 
cause the cells to migrate towards the tube,axis, and a 
second to cause the cells to flee the axis and travers the 
gap. A third phenomenon, with an associated necessary third 
force, is claimed by some workers(Segre&Silberberg 1962) (Fig. 2:4). 
This is the 'tubular pinch' effect which is observed when 
blood,and suspensions of rigid spheres flowing at an appreciable 
rate through a tube, do not tend to migrate all the way to the 
tube axis. The particle density reaches a maximum at a distance
Fig. 2:4. Tubular pinch effect.
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of about 0 . 6 of the radius of the tube, leaving a cell poor 
region near the tube axis.
Axial migration of cells is sometimes explained by 
the "Magnus effect". This affects a spinning sphere moving 
through a fluid. As the sphere spins, the velocity vector 
associated with the sphere surface on one side will tend to 
cancel out the velocity vector in the fluid. On the other 
side of the sphere the velocity vector will reinforce each 
other. The sphere will tend to move in the direction of the 
reinforced vectors (Fig. 2:5).
Charm and Kurland (1974) state that this explanation 
of the skimming layer is invalid. The spinning motion of a 
red cell in plasma is imposed upon the cell by the surrounding 
fluid. In the often quoted case of a spinning cricket ball 
flying through air, motion is imposed upon the ball by an 
exterior force. Thus in the red cells case, vector cancellation 
as described does not occur.
It may be more instructive to observe the point of 
division of flow around a red cell. If a tube is visualised 
with the cell moving from left to right near the lower wall 
of the tube, since the flow over the top of the cell is faster 
than that underneath, the cell will tend to spin in a clock­
wise direction (Fig. 2:6). Due to the viscous drag- imposed 
on the fluid by the cell the points of separation of flow 
behind and in front of the cell move downwards. This point 
provides areas of high pressure, and thus the cell will tend 
to move away from them, i.e. towards the axis of the tube.
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Fig. 2:5. The 'Magnus' effect.
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Fig. 2:6. Flow separation around a spinning ball
Tube
’Axis
Fluid velocity
V-
Force F
Streamlines
Tube wall
• —* Flow separation points.
26
This is essentially another explanation of the Magnus effect, 
although minor differences do exist. Charm and Kurland's 
objection that no vector cancellation exists in blood flow 
would seem to be based upon the assumption that the velocity 
of the red cell is equal to the velocity of the plasma 
streamline which would pass through the cell centre.
Employing this assumption a situation shown in (Pig. 2:7) 
would result, and only vector reinforcement would occur. This 
would support their objection. However, since blood cells are 
a dispersed phase in the continuum of the plasma, the cell 
will tend to travel slightly slower than the plasma and the 
situation in (Fig. 2:6) will result.
It may be argued that if blood is allowed to flow 
through a narrow tube, the red cell mass appears to move 
faster than the plasma ( Rowlands 1965). This effect is a 
result of axial accumulation rather than a cause of it. The 
red cells accumulating in an area of high flow rate near the 
tube axis will flow faster than the plasma in an area of low 
flow rate near the wall.
An experimental objection to the Magnus effect was 
proposed by Vejlens (1964), who observed cells flowing in 
small vessels and found that the axial accumulation was more 
than can be accounted for by the Magnus effect.
The red cell is not a rigid sperical body but a 
deformable biconcave disc.Schmid-Shonbein&Wells(1968)has shown 
that in laminar flow cases, red cells tend to assume spindle 
shapes at shear rates above 40 sec . Goldsmith (1971) points
27
Fig. 2:7. Flow around a sphere spinning in a moving fluid.
where V £ rel. and rel. are vectors 
relative to the sphere.
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out that an ellipsoid is a stable shape for the cell in a 
shear field. It has been shown that cell membranes tend to 
move around the cell in a tank track fashion during flow 
(Schmid-Shonbein and Wells 1968) and therefore some 'lift' due 
to 'slip spin' cannot be entirely discounted.
In the case of an ellipsoid, the point of division 
of flow (the stagnation point) will tend to move away from the 
ellipsoid laterally, i.e. in the direction o f •its major axis, 
as well as in the direction of the minor axis as no flow 
reversal will occur under the ellipse, (Fig. 2:8) will thus 
result rather than (Fig, 2:9), although an overall 'lift' 
will still occur. These experiments are normally performed 
in dilute suspensions of red cells as this limits intercell 
interactions. It is probably these very interactions which 
provide the second radial force, causing cells to traverse 
the plasma gap. As already stated, Block (1962) has 
cinematographically demonstrated that red cells do reach 
the tube wall. Keller and Yum (1970) have demonstrated this 
effect by coating the inner walls of a glass tube with 
radioactively labelled cholesterol. A suspension of red cells 
in saline was run through the tube, and radioactivity was 
found in the effluent. Cholesterol in the red cell membrane 
will readily exchange with external cholesterol, but this 
lipid is insoluble in saline, and thus the effluent 
radioactivity can only be explained by assuming that the red * 
cells strike the tube walls.
During flow at normal haematocrits, cell-cell
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Stagnation points in fluid flowing around 
a spinning ellipsoid.
Fig. 2;8 .
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interactions occur in one, two or multibody conditions 
(Goldsmith 19 71). This causes displacement of the cells, 
resulting in cells near the periphery of the flow traversing 
the plasma layer. Goldsmith (19 71) has pointed out that the 
cells are deformable particles and as such tend to be squeezed 
against the wall rather than hitting it as a rubber ball 
would.
Blackshear (1971) has attempted to quantify the force 
moving a red cell away from a wall by using a small pore filter 
as the floor of a flow chamber. Flow is established through 
the chamber and an ultrafiltration pressure, just sufficient 
to draw the red cells through the filter and haemolyse them,. 
is applied to the filter. The pressure applied gives a measure 
of the forces acting on the cells. At shear rates in the chamber 
approaching 1500 sec” 1 the force on the cell was calculated
_7as 4x10 dynes, while at 500 sec the force reduces to 
— 84x10” dynes. The axial accumulation force and the shear rate 
are thus not linearly related. The tubular pinch effect will 
not normally be observable in concentrated blood flow.
Before leaving the topic of particle behaviour in a 
shear field, the role of the wall itself must be considered. 
Firstly how does its roughness affect flow? Bennett (1968) 
has observed that when roughness elements exist on a surface, 
a chaotic motion of cells is seen next to the cell free layer, 
and this may influence cell-tube wall collisions.
Merril (1977) has suggested that, because blood 
exhibits a yield stress, when in contact with a rough surface
31
of dimensions in the order of 1 micron from element peak to 
peak, the blood will react to the surface as if it were smooth. 
This is because the plane of wall shear will be defined by 
the peaks of roughness, because the blood will achieve stasis 
in the troughs. The yield stress value is governed by red 
cell-red cell interactions involving fibrinogen, it is thus 
not possible to apply the concept of yield stress at such a 
microscopic level, plasma itself exhibiting no yield stress 
(Dintenfass 1962). The concept of roughness will be discussed 
more fully in chapter 8 .
Since it is evident that the red cell reacts with 
the shear fields in the fluid around it, and also with any 
constraining walls, it is pertinent here to consider the 
mechanical properties of the red cell.
Mechanical properties of the red cell
The initial stimulus encouraging the investigation 
of the red cellfc mechanical properties was the perculiar and 
unique shape of the cell. Controversy exists as to whether 
the biconcave shape of the cell is due to some internal structure 
within the cell, or due to the mechanical characteristics of 
the membrane alone. Some evidence for the latter is afforded 
by the observation that red cell ghosts, i.e. red cells which 
have lost their internal haemoglobin, assume a biconcave 
form. Also, during osmotic swelling, no sudden shape changes 
seem to occur, as would be seen in the case of a breakdown 
of internal structure ( Bull, 1973). That the membrane is 
the important factor is also implied by the lack of any
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discernable structure inside the red cell, as seen with an 
electron microscope ( Baker 1964). This does not exclude 
the possibility that the cell contents have some effect by 
virtue of any hydrostatic pressure they may exhibit.
This problem has prompted Rand and Burton (1964)
to modify the technique of Mitchison and Swan (1926) for
measuring the deformability of cell membranes. The technique
relies upon sucking a small portion of a cell up into a
micropipette of end diameter approximately 1 micron. The
pressure in the pipette (P) heeded to suck a 'tongue' of the
cell into a pipette of radius R is measured. The slope of the
1plot of (P) against ~ gives a measure of the resistance to 
deformation of the cell. This technique was performed upon 
crenated (shrunken hypertonically) cells, normal cells, and 
cells swollen hyp'ortonically to ellipsoids. It was also 
performed upon cells swollen hyp« o.tonically to a point just 
prior to haemolysis. The result was that crenated cells 
exhibited a stiffness equivalent to 0.007 dynes/cm which was 
probably due to pure bending, assuming the cell to be relatively 
flaccid. Normal and swollen cells showed a stiffness of 
0.019 dynes/cm which was due to both bending and membrane 
tension because the cells tend to be tiirgid, an<± to suck up 
a 'tongue', some attempt at membrane stretching must occur.
No difference was observed in membrane stiffness between the 
cell's periphery and the centre of its dimple, thus implying 
that the dimple could be formed anywhere.They also established 
a positive pressure exists within the cell. The resulting
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visualisation of the cell as a fluid filled elastic balloon 
cannot,by itself, explain the cell's shape.
A second mechanical property of the membrane was
quantitised by Rand (1964) employing the same technique as
above but allowing portions of normal cells to stay in the
pipette, under pressure, for a length of time. He found that
after an elapsed time (t) the red cell haemolysed and a
flaccid ghost was drawn into the pipette. This behaviour
suggests a viscous component exists in the membrane, and in
fact Rand calculates the membrane viscosity component to be
7 10approximately 10 -10 poises. The membrane thus appears as a 
viscoelastic solid. Caution must be used when interpreting 
Rand's results, as he has not taken into account any effects 
due to the cell contents, and has assumed there to be no 
internal structure. His results should be taken as applying 
to the bulk cell.
Fung and Tong (1968) have described the sphereing 
of red cells in hypotonic medium using a mathematical model. 
Their theory requires the red cell membrane to be isotropic 
and incompressable, while surrounding a fluid interior. The 
resulting model, however, implies that the membrane has a 
variable thickness, being thicker around the cell periphery 
than in the cell's dimple. If the membrane is isotropic as 
assumed, this would imply a variation in membrane stiffness 
between the dimple and the periphery. Rand and Burton (1968) 
have stated that this is not so. Fung and Tong explain this 
discrepancy by suggesting that the two equations upon which
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Rand and Burton base their argument are faulty. The relation­
ships are, for tension:-
p  =  t ( £  +  I 2 )  ( 2 s h )
where P = pressure difference across the 
membrane r 
T = the tension, 
and R £ Sc R2 are the radii of the tongue 
and cell.
and for bending:- '
p  =  s ( l 1  +  £ )  ( 2 : i )
where S is a parameter of resistance 
to deformation.
Fung and Tong point out that these equations have 
to be verified experimentally, which Rand and Burton had done 
by the use of liquid drops. Fluid drops behave rather differently 
to cells(Page 59). It would also appear from Fung and Tong's 
model that the cell dimple can occur in only one place unless 
high membrane fluidity exists. Bull (1973) has performed 
experiments which show that the dimple can occur anywhere in 
the membrane. He attached red cells to glass coverslips by 
spontaneous sticking, and then subjected them to hydrodynamic 
shear. As the cell rolled'its own length over the surface, it
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was seen that the dimple did not necessarily move with the 
membrane, but stayed in the middle of the cell. He proposed 
a macromodel of the membrane based upon this observation, 
consisting of a sphere of interlocking hexagonal plates, 
hinge jointed at their angles, and covered with a plastic 
bag. When this bag was evacuated, it spontaneously formed a 
biconcave disc, with the dimple forming anywhere in its 
surface. It does not, however, show any extensible elasticity 
and futhermore relies upon a negative internal pressure. 
Electron microscopical data suggests that the red cell 
membrane is of uniform thickness ( Baker 1964) and thus
Fung and Tong's model may need modification.
An alternative approach has been adopted by Kochen 
(1966) and later by Hochmuth and co workers (1972, 1973). A 
disadvantage of Rand's method is that large bending stresses 
must occur in the membrane where it meets the micropipette 
mouth. Kochen's technique exploits the ability of red cells 
to spontaneously attach to glass surfaces at a point, and 
then be deformed by fluid shear. Kochen argued that to allow 
easy transfer of stresses across the cell membrane, the 
membrane will be expected to be thixotropic. If this is so, 
the membrane should also show spinnability i.e. the ability 
to form threads due to local changes of Trouton viscosity 
within an extending portion of the cell. He further statea 
that this type of material may be expected to show signs of 
elastic recovery, as a polymer solution would. These three 
characteristics should allow the membrane to be drawn into
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long contractile filaments. Kochen demonstrated this behaviour 
by allowing red blood cells suspended in saline to attach to 
a glass slide, and then covering the slide with a glass 
coverslip. Upon lifting the coverslip the air/saline boundary 
so formed moved across the attached cells. This action resulted 
in the cells being drawn out into strands or 'tethers’, linking 
the point of attachment to the main cell body. As the tether' 
was elongated by the moving boundary, the now spherical head 
of the cell, in the saline, became smaller and eventually 
ruptured, releasing haemoglobin. The mean length of these 
cellular filaments was found to be 24.6 microns and the mean 
width 1.6 microns. Kochen also found that the strain rate did 
not affect the process. Cellular filaments formed over two 
seconds being indistinguishable from those formed over twenty 
seconds. This result is not what would be expected of a 
viscoelastic body, the shorter time intervals should have 
produced shorter tether lengths. Another unanticipated 
observation was that just prior to haemolysis, the head of the 
cell in the saline assumed an hourglass shape followed by 
release of -a microsphere. Kochen suggested that this can be **'
explained by assuming the cell wall to be composed of two 
layers, apart from the bilipid leaflet. The outer coat would 
consist of a viscous material and the inner coat a material 
resembling an elastic solid. The rupture of the head could 
then be explained by the rupture of the inner elastic coat 
under a condition of large biaxial stress, (Fig. 2YL0) . This 
would result in the formation of microspheres, which according
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Fig. 2:10. Microsphere formation at an air/saline 
boundary (after Kochen 1966).
to the theory, would be surrounded by the outer viscous coat 
only.
Hochmuth ~ (1972) have also investigated this
phenomenon using a flow chamber consisting of two closely 
spaced surfaces some. 1 00 microns apart, between which blood 
may flow. This chamber could be observed with a microscope. 
Cells tethered to the glass surface were subjected to fluid 
. shear stresses of 1 - 10 dynes/cm and the resulting strains 
were measured. Cells attached to the glass at more than one 
point showed considerably less extension than those attached 
at only one point. By analysis of the deformation of the cell 
with respect to stress, a modulus of elasticity for the cell 
membrane of 2.4 x 104 dynes/cm2 was calculated (for small 
extensions). It was also found that the behaviour of the point 
attached cells was like that of a rheological body, while that 
of the multipoint or line attached cells was like that of an 
elastic body (Fig. 2:ll).
Hochmuth,MohandasandBlackshear(1973) then studied the stretching of 
normal cells, evaginated cells and tethers, using the same
4apparatus. A modulus of elasticity for the membrane of 10 
2dynes/cm was obtained, and the stress-strain relationships 
for the evaginated cells and tethers were found to be linear. 
The stress-strain relationship for whole cells became non­
linear at above an extension ratio of 1:1. Tether stretching 
results in a uniaxial strain along the tether, while multi­
point attached cells, and cells sucked into a micropipette, 
are subjected to biaxial strains. This difference may account
Fig. 2:11. Extension of line and point attached
cells under stress.(After Hochmoth 19 ).
Stress
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membrane found in Rand's and Kochen's work. Some tethers
observed by Hochmuth (1973) reached a length of 200 microns
and small particles of haemoglobin were found to be trapped
inside the tether. These particles move slowly up the tether
to the main cell body. Hochmuth and Evans (1976)proceeded
to study the viscous component of the membrane. By measuring
the rate of plastic growth of the tethers subjected to shear
— 6forces of between 1 and 4 x 10” dynes, and employing a two
4dimensional model for plastic flow, a figure of 10 poises 
was obtained for the viscous component of a 1 00 2 'thick 
membrane.
The experiments of Bull (1973) may well be _ 
reintroduced here. In these experiments red cells were attached 
to a glass coverslip either at a point, or in a multipoint or 
line fashion. The surface of the cell was marked with a laser. 
The cells were subjected to fluid shear and the behaviour of 
each type of cell noted. Firmly attached cells were seen to 
roll along the surface in a tank track fashion, while point 
attached cells appeared to slide over the surface (Fig. 2:12). 
When this behaviour is considered in conjunction with Kochen*s, 
Rand'and Burton's, and Hochmuth*s work, a mechanism of action 
may be suggested.
If Kochen's suggestion of a two layered membrane is 
accepted, the two layers could have different mechanical 
properties. The inner layer would be strongly elastic, possibly 
a meshwork of proteinaceous material. The outer layer would
for the discrepancies in moduli of elasticity for the
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Fig. 2;12. Movement of marked cells over a surface.
(After Bull 1973).
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be a viscoelastic fluid of some kind, possibly with some 
elastic elements. Assuming this model, Bull's experiments, 
and also Kochen's experiments can be explained. This model 
can also explain why the membrane should rupture under biaxial 
stress, but not so readily under uniaxial strain. The protein 
mesh would collapse under uniaxial stress rather like a pair 
of "lazy tongs" and the tension in the strands would not 
increase. Under biaxial stress the strands could not collapse 
and the strand tension would increase. If the strands were 
elastic, a certain amount of extension would be possible. This 
conformation suggests that the adhesion of the red cell to a 
foreign surface may occur in at least two ways. Either the 
outer viscoelastic layers may adhere to the surface leaving 
the inner layer free, or the inner and outer layers may both 
adhere. If Kochen's work is considered, the bond would always 
be of the second type, while Bull's work may show both types 
of bond. In this latter work the firmly attached cells may 
represent the case of the membrane being attached by both layers. 
If this is so, the cell will be forced to roll over its point of 
attachment like a tank track. The less firmly attached cells 
may represent attachment of only the viscous component of the 
membrane, which would allow this point to flow through the rest 
of the membrane layer.
If Hochmuth*s work is considered, the observation 
that tethers of 2 0 0 microns in length are formed,(as opposed 
to Kochen's 24.6 micron long tethers), may be explained by 
assuming that these tethers are outer layer attachments only,
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thus allowing greater extension. This would also explain why 
at a shear stress of 1.5 dynes/cm or above, the tethers 
increase in length under a constant shear rate i.e. behave 
as a viscous body. The viscous layer would also have to have 
some elastic properties, because upon removal of the shear rate, 
the tethers retract. Hochmuth's work (1973)would deny this 
supposition on three grounds. Firstly, the tether width is 
approximately 0 . 2 microns, while a double lipid bilayer is 
only 0.02 microns in width. However, the viscoelastic portion 
of the membrane does not necessarily have to consist of just 
a lipid bilayer, other components may be included. Secondly, 
Hochmuth states (1973) that the modulus of elasticity of the 
tether is the same as that of a whole cell. However, tethers 
which extend continuously under constant shear stress cannot 
be said to have a .modulus of elasticity. Thirdly, upon sudden 
stretching, haemoglobin globules are seen inside the tether. 
These globules 'ball up* and gradually move towards the main 
red cell body. It may be that these globules have fragments 
of the inner membrane surrounding them, thus negating this 
objection. The two layers need not be physically distinct, 
the elastic mesh may be buried in the viscoelastic phase, 
flowing through it when caused to do so.
Evans (1973a &l973b) has developed a stress-strain 
law for finite deformations of the red cell membrane, assuming 
it to be a two dimensional, incompressible material. He 
suggests that the behaviour of the material may be explained 
by assuming a randomly kinked, cross linked series of strands
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within the membrane, which become urikinked upon stretching. 
Rakow and Hochmuth (1975) have found that red cells heated 
to 48.8°C and then cooled to 25°C, either quickly or slowly, 
show an increased membrane stiffness. This,they believe, is 
due to denaturation (or coagulation) of the protein components 
of the membrane, thus implicating this protein in the elastic 
behaviour of the cell. Williams and Krizan (1975) noted 
similar behaviour. They heated red cell suspensions to various 
temperatures, subjected them to shear forces in a cone-plate 
viscometer and measured the haemoglobin release. At 49°C they 
found that the red cell haemolysed at extremely low shear rates 
and the shear rate required for haemolysis rose as the * 
temperature dropped. If the red cells were heated to above 49°C 
and then cooled, great mechanical fragility persists. If the 
cells were heated to below 49°C and then cooled, the original 
mechanical strength was regained. This they explained by 
suggesting that the protein in the red cell membrane exists 
in two configurations, either the alpha helix with its strong 
cohesive forces, or as beta pleats or coils with weak cohesive 
forces. As the temperature rises the alpha helices are trans­
formed to beta pleats and coils and at 49°C the ratio of one 
to the other is unity. At this point the membrane falls apart 
due to lack of cohesive forces. An alternative explanation may 
be that coagulation of the alpha helices at 49°C will reduce 
the elasticity or flexibility of the red cell and thus make it 
more susceptible to haemolysis. Jay (1975) used Rand and 
Burton's technique of employing micropipettes for investigating
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membrane behaviour using pipettes of different diameters he 
found that the red cell behaved in a different manner depending 
upon the size of the micropipette. A pipette of diameter 
2.9 microns and above allowed the cell to be sucked in and • 
ejected again without a change in shape, surface area or 
volume. Pipettes with diameters between 2.5 and 2.9 microns 
yielded cells which could be sucked into the pipette and 
ejected again with no permanent damage, but while in the 
pipette they lost 1 2% of their volume, this loss being 
recovered upon expulsion. When using pipettes of 2.5 to 1.9. 
microns the cells ended up irreversibly crenated loosing 
some 32% of their volume of which 12% was recoverable and 20% 
irrecoverable upon expulsion. Using pipettes of 0.9 to 1.9 
microns haemolysis occured and with pipettes of 0.9 microns 
or less the red cell tongue 'pinched o f f  into resealed 
pieces without haemolysis. The 12% volume loss may be attributed 
entirely to loss of intracellular water while the 20% loss 
may be loss of other cell constituents such as ions and small 
organic molecules.
In summary the cell now appears as a solution of 
haemoglobin encased in a membrane which exhibits a visco­
elastic property with spinnability and elastic recovery. The 
membrane consists of, firstly, a strong elastic component 
which may be isotropic allowing a 1 0% biaxial strain but a 
considerably greater uniaxial strain. This component may, 
in vivo, be a protein meshwork consisting chiefly of alpha 
helices. The modulus of elasticity of this component is
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4 2approximately 10 dynes/cm . Secondly, associated with this 
is a viscous component with slight elastic properties,
4showing a viscosity of 10 poises. The bulk modulus of the
8  2whole cell is about 10 dynes/cm and the membrane can cope 
with large bending stresses. The membrane appears to become 
either'unstable or coagulated at 49°C, and at normal 
temperatures shows an ability to adhere to foreign surfaces.
A surface area increase of greater than 10% leads to the loss 
of cell contents. The actual membrane structure which may 
account for this will be discussed in the next chapter, as 
will be the role of the cell contents. This is necessary as 
the 'baloon filled with haemoglobin' model may be untenable.
The cell itself, under shear flow, changes from its normal 
biconceve shape to a spindle shape or an ellipsoid aligned 
with the direction of flow, and the membrane seems to 'tank 
track' around the cell at the same time. Kumer(1976) has 
pointed out that the cell must store energy in a shear field, 
because the red cells deform and thus all the energy input 
to the system of the continuous phase cannot be used to drive 
the red cell along. Upon cessation of flow the red cell 
resumes its biconcave form and the potential energy is released.
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The earliest report of experiments directed 
specifically towards investigating mechanical haemolysis 
appears to be by Meltzer and Welch (1885).Their technique 
of shaking blood in a glass bottle, on an automatic shaker, 
together with granular insoluble substances, has persisted 
almost to the present day. Unfortunately, some of the substances 
used, for instance iron -fi lings,,mercury, lead and copper 
probably had a chemical , as well as mechanical effectsupon 
the blood, especially as their experiments sometimes lasted 
for several weeks. They did establish a reduction in red cell 
numbers with shaking, and also found haemolytic ghosts. Rous 
and Turner also investigated this problem in 1916, and Shen,Castle 
andWells(1944) observed the increase in mechanical fragility 
of red cells after they had been heated and cooled as 
described by Williams and Krizan (1975) .
Sher/,Castle andWells(1944) observed the need for a controlled 
shearing apparatus, and devised a system whereby a glass 
tonometer, containing glass beads, and the blood sample, was 
rotated end over end on a wheel for 2 hours at room temperature. 
They observed an increase in mechanical fragility with 
haematocrit; and an increase in fragility with osmotic 
swelling. Koizumi (1957) also used a standardised device 
consisting of a flask with glass beads and blood in it, rotated 
on a shaker table. A linear relationship existed between 
log ( 1 0 0 - %cells haemolysed) and time of shaking, thus the
In vitro haemolysis systems.
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number of cells haemolysed decreased exponentially with time. 
The slope of the graph was similar to that of a first order 
rate constant for a chemical reaction. This implies that 
the effect was a single hit process involving one bead and 
one cell.
With the advent of extracorporeal circulation, 
mechanical haemolysis acquired a new perspective. The effects 
of factors found to vary in these circuits had to be 
investigated. Stewart and Sturridge (1959X investigated the 
effects of the tubing used. They used closed loops of various 
tubings, ranging from red rubber to 'beverage' hose, and * 
quarter filled them with blood. These tubes were then mounted 
on a wooden disc, which was rotated so that the blood ran 
through the tubes at a rate of 7.8 rr/min. The plasma 
haemoglobin in the blood was measured after each run, and 
found to range from 20 mg% for 'beverage' hose, to 200 mg% 
for crystal grade P.V.C. Stewart and Sturridge attempted to 
correlate the ranking of damage caused by the various tubes, 
with the ranking of tubes, ordered by surface roughness as 
measured by a 'Talysurf'. No strict correlation was found 
to exist. Several drawbacks existed in their experimental 
design. The tubes were made of different materials, and may 
have had different chemical effects upon the blood. In addition 
an air/blood interface existed, and this has been shown to 
be haemolytic.
The problem has since been reinvestigated by 
Wielogorsk^DayyandG ra h a m  (1976) and James . (1976) using
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four closed circuits of tubing completely filled with blood 
and pumped in parallel by a roller pump. The tubes were all 
manufactured out of the same P.V.C. melt, but extruded at 
different temperatures, to give different surface roughnesses. 
It was found that initially the rougher tubes yielded higher 
rates of haemolysis than the smoother tubes. After approximately 
3 hours of pumping,,the high rate of haemolysis reduced to 
a similar rate to that -found in the smooth tubes.
Po-tun Fok and Schubothe (1960) investigated the 
effects of various parameters upon mechanical haemolysis 
using quartz beads in an Erlinmayer flask of blood. Upon 
shaking they found that the haemolysis caused varied linearly 
with the number of quartz beads used in the flask, implying 
the quartz beads were themselves responsible for the damage. 
They found that haemolysis rates decreased exponentially with 
time, the rate being proportional to the number of unhaemolysed 
cells remaining at that particular time. They also found 
erythrocytes to be more susceptable to trauma at less than 
22°C, and at high pH i.e. above pH 8 . Trauma in a nitrogen 
atmosphere appeared the same as in air, but an elevated 
carbon dioxide level increased mechanical fragility. The 
interpretation of these results is questioned by Fok and 
Schubothe, who state that the mechanism of haemolysis in this 
case is still unknown. The idea that the cells are crushed 
either between two beads or between a bead and the wall 
would seem untenable. Due to the deformation and felipperyness' 
of the cells, they tend to slide out from between two crushing
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surfaces. They state that the damage may be due to fluid
behaviour around the moving beads.
By 1965 the technique of extracorporeal circulation
was commonplace, and it was realised that damage to red cells
during perfusion did not necessarily result in total cell
destruction. Kusserow et al (1965) made this apparent by
perfusing dogs using a circuit consisting of tubing with
either a roller or ventricle pump included. While plasma
haemoglobin levels tended to remain relatively low during
perfusion (below 30 mg%), post perfusion aneamia was observed.
Also, haematocrit levels decreased to 50 - 80 % of the normal
range during a five to seven day period after perfusion. This
effect was coupled with the appearence of misshapen red cells
during the perfusion. Kusserow termed this phenomenon
sublethal damage, which was regarded as mechanical damage
caused to the cell, not sufficient to cause immediate
haemolysis, but rendering the cell susceptible to early
senescence. Kusserow and Clapp (1966) quantified the reduced
red cell survival times after perfusion, by using the same
51apparatus but tagging the red cells with Cr and measuring
51its decay rate. The Cr blood half life, post perfusion,
was seen to drop from a control of 27.5 days, to a value
51of 12 days for one dog. Cr can be lost by elution from 
quite healthy red cells, but this effect should have also 
been seen in the control experiments. This experiment shows 
that plasma haemoglobin levels may not be a good indicator 
of blood damage, as levels of less than 30 mg% were again
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encountered during perfusion. This circuit, however, contains
a living animal which has the ability to remove haemoglobin
from its plasma through various excretion systems. Bernstein
i et al (1966) also investigated sublethal damage by
injecting into dogs red cells previously subjected to trauma
in a fluid jet, and measuring increases in fragility. Using
a low speed jet they found little haemolysis was caused,, but
a considerable degree of sublethal damage occured. Blackshear
and Dorman (1965) removed the animal element from the system
by shearing blood samples in a Couvette viscometer. This
configuration allows the blood to be subjected to a constant
shear rate throughout the whole blood sample. The results of
these experiments lead Blackshear to the conclusion that the
haemolysis caused was not due to the shear stress in the bulk
of the fluid acting upon the red cell, but due to interactions
of the red cell with the wall of the viscometer. He maintains
this view since the rate of haemolysis is directly proportional
to the rate of red cell / wall encounters raised to the power
of approximately two. The increase in plasma haemoglobin is
/  ^  2
proportional to where & is a, small area of wall
contact, R is the couvette radius and the angular velocity 
of the drum.
Forstrum (1970) attempted to divorce red cell 
damage caused by wall encounters, from that due to bulk shear 
stress within the fluid. He did this by injecting a jet of 
saline into a large volume of stagnant blood. This imposed 
a large bulk shear stress upon blood immediately adjacent to
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the jet. Although the actual shear stress imposed upon the 
red cell in this instance is difficult to determine due to a 
complex fluid situation around the jet, Forstrum states that 
a stress of 50,000 dynes / cm just failed to cause haemolysis. 
This suggests that, as these levels of bulk stress are rarely 
met in E.C.C., most blood damage is due to some other factor. 
Forstrum also used the converse of his system, that is 
injecting blood as a jet into saline.- He found the entrance 
shape of the needle used for injection was critical, with
2square section entrances a shear stress of 600 dynes / cm
2caused lysis. With tapered entrances, 20,000 dynes / cm was 
insufficient to cause haemolysis. This suggests that the fluid 
dynamics in the jet are critical, as the boundary layers in 
the needle will be affected by its entrance shape.
Bernstein et al (1967) reviewed the work of his 
group up to the year 1967 and laid heavy emphasis upon the 
difference between wall induced haemolysis and jet (bulk 
flow) induced haemolysis. They also point out that pressure 
variations have no effect on haemolysis in blood, provided 
no nucleation sites are present. Indeglia et al (1967) then 
proceeded to investigate some of the physiological functions 
which affect the rate of haemolysis, and this work will be 
discussed in the next chapter. However, they introduced a 
new apparatus, namely the Fleish haemoresistometer. This 
consists of a 2 . 2 cm cube of perspex on an axle, rotated in 
an enclosed cylinder in which the blood is totally encased. 
While this represents an improvement over the glass or quartz
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bead -technique, in that blood / air boundaries are eliminated,
it seems to be a retrograde step when compared with the
Cou e.tte viscometer, as a uniform shear field is not produced
in the haemoresistometer. Briefly, Bernstein,Blackshear and Keller (1967)
found that post alimentary lipemic blood was more fragile than
blood from fasted animals, male human erythrocytes were more
fragile than female, and that red cells in Ringers were more
fragile than red cells in plasma. They stressed the importance
of wall encounters in haemolysis. Not all workers at this time
agreed with this concept. Neveril et al (1968) investigated
the effects of shear stress upon blood damage by using a
combination cone, drum and plate viscometer which gives a
uniform shear rate throughout the tested fluid. He subjected
blood to shearing stresses of from zero to 6000 dynes/cm ,
and observed plasma haemoglobin levels and cell morphology.
oThey found that below a stress of 3000 dynes/cm little
haemolysis was observable, but above this stress haemolysis
levels increased dramatically. Cell morphology was seen to be
affected from a level of 1500 dynes/cm , while above 2500 
2dynes/cm the morphological damage was very marked, formation
of microspheres, poikilocytes and spherocytes was observed.
51Upon Cr labelling and reinjection of the traumatised cells, 
51the Cr blood half life was seen to drop from 11.7 days to 
7.6 days approximately. These effects Nevril et al (1968) 
attributed to shear stress, and although aware of the wall 
interaction concept, did not consider it to play an important 
role. They suggest the cell is torn apart in the fluid in a
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manner similar to liquid drop breakup, they do not, however, 
give any reasons why the damage they observed could not be 
due to wall interactions. While the stress levels investigated 
by Nevril et al were above 1500 dynes/cm , Shapiro and 
Williams (1970) concerned themselves with the lower stress 
regime of 100-600 dynes/cm . Using a couette viscometer they 
showed little correlation between applied stress and haemolysis 
They also found no ghosts, and that the haemolysis rates for 
constant angular velocity of the viscometer bob were not 
correlated with the haematocrit. However, the total amount 
of haemoglobin released was proportional to the haematocrit 
raised to a power of close to one. This relationship implies 
a single cell mediated haemolysis process, not involving 
shear stress directly, and thus also not cell-cell 
interactions. Cell-wall interaction seems -to be a likely 
candidate for this process.
To find what level of shear stress is necessary to 
remove a tethered red cell from the wall, Hochmuth (1972) 
used a rotating disc of clean glass in a saline bath with 
RBC's previously attached to the disc. By this means he was
able to establish a cell removal critical stress of 1 0 . 2
2  2  dynes/cm . He later revised this figure to 15.5 dynes/cm (1973)
Using a parallel sided flow chamber. He also observed that
after removal, red cells occasionally left a track across the
glass, which may be the remains of a tether. This corresponds
with the idea that Hochmuth's cell attachments may be of the
outer viscous membrane layer type only. He also noted that
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detachment of cells above a shear stress of 15.5 dynes/cm 
was time dependent.
Bacher and Williams (1970) investigated haemolysis 
in capillary flow. They found that the rate, of haemolysis 
observed during blood flow through a capillary tube,i& 
independent of tube length, and also that the haemolysis rate 
varies inversely as the tube diameter. This supports the 
conclusion that the haemolysis may be a wall effeet. -Bacher 
and Williams also provide an interesting hypothesis to 
account for the critical stress levels observed by Neveril 
et al (1968). They attempted a repeat experiment in the same 
shear rate range as used in Neveril1s work, and indeed found 
a critical stress level, but this was associated with a 
sudden pressure drop in the capillary. Bacher and Williams 
attribute this to sudden formation of quasi-turbulent flow, 
and its associated ability to bring more cells to the tube 
wall than would be the case in laminar flow. They also found 
that some function of the capillary surface, possibly its 
texture, affected haemolysis rates in the capillaries.
Neveril et al (1968) and Leverett et al (1972) 
continued to investigate stress induced haemolysis with the 
use of a cone and cylinder viscometer. By varying the surface 
area to volume ratio in the viscometer the effects of wall 
interaction were studied. They found that the viscometer gap 
and thus surface area to volume ratio had little effect upon 
the haemolysis rate. They concluded that in this shear regime 
(1-4000 dynes/cm ) the wall effects must be negligible. The
2
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increase in viscometer gap must lead to an increased shear
rate if the same shear stress in the fluid is to be maintained.
It may therefore be the case that the increased gap yields
a lower surface area to volume ratio, but a higher shear rate,
and these two effects are antagonistic. It may be, however,
that Leverett's interpretation is correct, as he points out
that his and Neveril's levels of applied stress are of at
least an order of magnitude greater than those of Blackshear,
for instance,although Bacher and Williams' work.employs
stresses of the same order of magnitude as Neveril's and
Leverett's. Leverett emphasises that time of exposure to stress
is an important factor. Their own experiments lasted for two
minutes each, and other workers have applied stresses of
-5durations from 10 seconds,/in the case of Forstrum, up to 
several minutes in‘ Leverett et al's own case. Leverett et al 
present a graph of critical haemolytic stress in a shear time 
field, based upon the results of previous workers.(Fig. 2:13). 
It will be seen that this line of critical stress traverses 
only three points exactly. Williams' work (1973) with an 
oscillating wire in blood, for instance, falls well into the 
surface effects region, as does the wqrk of Blackshear and 
Bernstein as already mentioned. Whether this graph represents 
a real effect or is a rather fortuitous relationship is open 
to debate, but it does form a useful concept upon which to 
form further hypotheses of cell damage.
In the work of Rooney (1972) mentioned in Fig.2:13 
and his later analysis of results (1973) will be discussed
Fig. 2:13. Critical haemolysis levels In a shear time field.
(After Leverett et al 1972)
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here. He used a stable bubble in a tube, immersed in a blood
/Dextran solution. The meniscus of the bubble was then driven
at 20KHz which resulted in not only sonic waves being
propagated through the blood, but acoustic microstreaming
taking place. Microstreaming is a small scale eddying near
the meniscus which exerts a stress on the blood. A second
system used by he and Williams (1973) was essentially similar
except that the bubble was replaced by a vibrating wire. The
oscillating bubble experiment yielded a critical haemolytic
2stress value of 4500 dynes/cm , while the wire experiment 
yielded a stress of 5600 dynes/cm . The evidence so far 
suggests that a critical haemolytic stress does really exist 
under certain conditions of applied stress and time of 
exposure, although again in Rooney's case, the interactions 
of the primary sonic waves produced, with the apparatus wall 
and the red cells near to it, may be blamed for a certain 
amount of haemolysis. However, if the cell is torn appart by 
fluid stress,how may this be done? Rooney (1973) has used the 
theory of Taylor (1934) to describe haemolysis as equivalent 
to the breakup of liquid droplets in a shear field presented 
by another immiscible liquid. As a shear rate is applied to 
the continuous phase, the fluid around the drop is disturbed 
and applies tangential and normal stresses to the droplet, 
thus deforming it. The droplets firpm ellipsoids aligned with 
the direction of flow and eventually rupture at their mid 
point, producing two large and many small, spheres. The 
ellipsoidal shape assumed by red cells in a rehear field has
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been demonstrated by Shmid-Shonbeinand Wells(1968) but actual 
breakup has yet to be seen. As Rooney (1973) points out, a 
fundamental difference between fluid droplets and red cells 
is that in fluid droplets tangential stresses are transmitted 
through the droplet surface which itself is only a phase 
discontinuity, whereas the red cells stresses are born by 
the membrane which is viscoelastic. The model of Rand (1964) 
is proposed by Rooney to model for the membrane in this case. 
(Fig. 2:14). This is reasonable, except that the viscous 
component (Y^) would imply that after stress the membrane 
would be subject to permanent 'set1 which according to Kochen 
(1966) does not occur. Also, during a constant stress, stress 
relaxation should occur, which is not the case,when Rand's 
work is considered. However, the fluid droplet concept does 
seem valuable when considering change of shape of red cells 
under shear, while it may not necessarily be this mechanism 
which causes haemolysis.
Nanjappa ,Changand Glomski( 1973) again attempted to investigate
red cell damage caused by very low shear stresses (in a
cone-plate viscometer) where wall effects predominate. Using
oshear stresses of 1.00 dynes/cm and less, he found an increase 
in osmotic fragility with shear stress, an increase in sodium 
influx and a decrease in acetylcholinase activity. Nanjappa 
makes the interesting suggestion that this low stress damage 
is very similar to normal red cell aging.
ChampionandNorth (1971) returned to the problem of 
higher stress using the rationale that, while red cells
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Fig. 2:14. A rheological model for the red
cell membrane. (After Rand 1964).
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suspended in isotonic saline may rupture as a fluid droplet, 
hypotonically swollen cells are much more rigid and thus may 
behave differently. By shearing dilute red cell in saline 
suspensions* in a cone and plate viscometer at shear rates 
of 0 - 17500 sec and for various times, he was able to test 
this hypothesis. To attain higher shear stress^ ’ he added the 
thickeners 'Methocel' and 'Dextran' to the saline. Isotonic
cells showed microspere formation started at approximately
2  2  3000 dynes/cm , and instant formation occured at 6000 dynes/cm .
The microspheres however were of variable sizes which is
inconsistent with,the idea of the ellipsoid rupturing in the
middle. Champion suggests the microspheres may be formed
from the ends of the ellipse, i.e. as in Fig. 2:15 rather
than Fig. 2:16. No haemolysis was thought to occur.
Hypotonically swollen cells exhibited no microsphere formation
but immediate haemolysis-Champion & North (1971) had no definite
critical stress defined by his experiments, but used a value
describing the stress at which half the red cells present
were haemolysed (^5 9  ^* 141 4s interesting to note that the
2of hypotonically swollen cells in Dextran was 2200 dynes/cm ,
owhile that of those in Methocel was 10,000 dynes/cm . This may 
be due to interaction of Methocel with the cell wall, rendering 
it less fragile, or it may simply be due to the change of the 
characteristics of the suspending fluid.
Dextran is a charged polymer, and as such may well interact 
with the charged groups on the red cell membrane surface ./.This 
will have several effects, firstly, charged shielding may;;take 
place, allowing a higher- mobility in the membrane, and possibly 
greater ease of stress transfer through the membrane. Secondly; 
the Dextran will entrap its' own ordered water layers around 
the molecule, altering the hydration of the membrane and thus 
possibly its mechanical properties.
Polymers also affect the properties of the suspending 
fluid in that if the time taken for molecular interaction is©- 
greater thanthe average time for which the molecules find ' 
themselves in contact with each other; the fluid tends to-./ 4 
show viscoelastic properties. It is thus possible that energy 
inserted into this system is partially stored by the fluid©- 
rather than being dissipated by it, or stored by the elastic . 
portion of the red cell membrane. An increase in polymer;//1/1.;.' 
molecular weight will produce longer interaction times?andk 
consequently an increase in fluid dynamic Viscosity and ,
also its dynamic elastic modulus. Kline and Shmid-Shonbein //,- 
(1974) have derived an expression for the membrane strain ; 
encountered in the sheared hypotonically swollen cells of Champion 
and North (1971) but this applies entirely to a liquid 4 ‘  1
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Microsphere formation in flowing blood.
Fig. 2:15. End rupture
O O  o
Fig. 2:16. Centre rupture.
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drop with constant surface tension. The red cell itself has, 
of course, a membrane in which surface tension increases 
with small increases of surface area (Hochmuth 1974). Although 
Klein and Shmid-Shonbein (1974) suggest that the Methocel 
phenomenon may be due to an increase in the rate of rolling 
of the red cell and thus any part of its membrane being 
subjected to stress for a shorter time, work by Green and 
Madan (1975) may prove otherwise'. Using a circuit of a roller 
pump and tubes, they studied the effects of addition of 
polymers to the suspending medium. These polymers were 
polysaccharides,which served to ■ the fluid visco­
elasticity, and reduced haemolysis levels by 50-60% when used 
in concentrations of 200-500 ppm. It thus appears that the 
fluid viscoelasticity is important in haemolysis.
Sutera and Mehrjardi (1975) investigated the effects 
of turbulence on flow, which is of interest when Bacher's 
objection(1970) to Neveril's hypothesis (1968) is considered. 
Using a concentric drum viscometer and employing stresses 
of 100-4500 dynes/cm , and turbulent flow as defined by the 
Taylor number, they -found a change in cell shape with increasing 
shear stress. This was observed by introducing glutaraldehyde 
into the blood during flow, to fix the cells in their assumed
shapes. At a stress of 500 dynes/cm the cells started to
2loose their biconcavity, at a stress of 2 00 0 dynes/cm they
became ellipsoid, and at 3500 dynes/cm fragmentation occurs.
This gives a critical shear stress of the order of 3500 dynes/
2cm , but this time in turbulent flow. One of the objects of
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their work was to distinguish between 'in bulk' haemolysis 
and wall mediated haemolysis. They admit that wall encounters 
may be important, but their feeling is that, from the fixation 
experiments, bulk shear is the important factor. Sutera's 
figure 5 (Fig. 2:17) may complement this idea. Although wall 
effect haemolysis may be important below about 2 0 0 0 dynes/cm 
applied for 5 minutes, when the critical in bulk shear stress 
is reached wall effect haemolysis will not cease, but merely be 
overshadowed. This means an upward kink in the haemolysis/stress 
curve should be observed at about 2000 dynes/cm . This is 
indeed found to be the case. Sutera and Mehrjardi (1975) also 
observe amongst their fixed cells dumbell shapes, which they 
regard as being red cells just prior to division into two 
microspheres. However, if Kochen's experiments are considered, 
an alternative hypothesis may be suggested. It is known that 
the red cell membrane can withstand large uniaxial stretch 
forces, but that its ability to withstand biaxial stretching 
is limited. It is therefore reasonable to suggest that 
microsjphere formation takes place at the ends of the .dumbell 
shaped cell where the membrane is subjected to biaxial stress, 
rather than in the middle of the cell where it is subjected 
to uniaxial stress. This arrangment is rather similar to 
Kochen's red cells as opposed to a fluid drop model (Fig. 2:18). 
This idea fulfills the requirement that the membrane breaks 
at a position of biaxial rather than uniaxial stress, and that 
dumbells and microspheres are formed. There should be a n . 
intermediate cell shape (Fig. 2:18 bn) but this may last for
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Fig. 2:17. Red cell per cent haemolysis vs. shear stress.
(After Sutera 1975) .
Per cent 
Haemolysis
Stress dynes/cm2
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a) Fluid drop model of red cell haemolysis.
Normal cell
Fig. 2:18.
Ellipsoid .
Necking
Two spheres
haemolysis.
Cell
Ellipsoid
Necking
Inner wall rupture
Microspheres formed.
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only a very short time and thus not be observed. The 
microspheres would be sealed by the viscous flow of the outer 
coat around them as in Kochen1s model. Liberation of 
haemoglobin at high shear stresses may be explained simply 
by the viscous outer component being unable to react quickly 
enough to the sudden cell stretch and thus be unable to flow 
around the microsphere of haemoglobin. This is conceivable
4bearing in mind that its- viscosity may be of the order of 10 
poises (Rand 1964). As stated earlier, red cell deformability 
is probably related to local energy absorbtion by the red cell 
membrane, and it is interesting to note that Bluestein and 
Mokros (1975) have, for a number of different experimental 
configurations, correlated haemolysis rates in the blood 
with the local rate of energy dissipation.
Richardson (1975) has developed a model for bulk cell 
lysis and compared this with the results of a number of 
authors. Although this work agrees with several workers' 
results, it looks at the red cell as a fluid droplet 
surrounded by a Rand type membrane. The contribution of the 
red cell's membrane structure and the plasma components to 
haemolysis has been avoided so far and will now be discussed.
CHAPTER 3
BLOOD BEHAVIOUR IN FOREIGN ENVIRONMENTS - A BIOLOGIST'S VIEW
One of the basic concepts of biology is that of 
homeostasis/, that is the tendency of biological systems, when 
displaced from their position of equilibrium, to return to that 
equilibrium by reacting to the displacing stimulus. This 
maintains a constancy in the environment within the living 
body, referred to as the 'milieu interieur*. (It is 
occasionally stated that this is an application of Le 
Chatalier's principle to biological systems, but whereas Le 
Chatalier's principle requires a system, when disturbed, to 
regain an equilibrium, homeostasis normally requires that the 
original equilibrium is strived for.) Central to the mechanisms 
of homeostasis is the blood and blood systems. Not only is 
the blood itself subjected to feedback control systems to 
maintain its own constancy, but it is implicated in the control 
of many other physiological processes. If a single physical 
entity is sought to represent the milieu interieur, it is 
most probably the extracellular fluid which bathes all the 
cells in the body. This in turn is in equilibrium with the 
circulating blood, and depends upon the blood composition 
for its own constancy.
The most obvious function of the blood in this 
respect is the mainst e;n,ance of oxygen and carbon dioxide 
concentrations in the tissues at a constant level. Since the
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t is s u e  c e l l s  norm a lly  use oxygen and e x c re te  carbon d io x id e  
during m etabolism , th e  b lo od  n e c e s s a r i ly  p ro v id es  oxygen and 
removes carbon d io x id e .  S ince th e  t is s u e s  a ls o  produce h ea t 
during m etabolism , th is  aga in  has to  be removed by b lo od . 
M e ta b o lic  su b s tra tes  a re  a ls o  tra n sp o rted  by th e  b lood  to  the 
t is s u e s  t o  m ain ta in  a s u f f i c i e n t  l e v e l  in  th e  c e l l s  t o  a llo w  
m etabolism  to  p rog ress  a t  an optimum r a te .  A p a rt from th ese  
fu n c tion s  g e n e ra l to  the whole body, b lood  has s p e c ia l is e d  
c o n tr o l fu n c t io n s . C ir c u la t in g  hormones, e s s e n t ia l  to  th e  
c o n tr o l of. many body functions, a re  tra n sp o rted  from p o in ts  
in  the en docrin e system to  t h e i r  t a r g e t  organs by the b lo o d , 
as a re  substances which c o n tr o l th e  endocrin e behaviour 
i t s e l f .  The pH ba lance and o s m o la r ity  o f  body f lu id s  are  
aga in  under the c o n t r o l l in g  in flu e n c e  o f  the b lood .T h e  b lo od  
a ls o  p la ys  a p a r t  in  th e  b o d y 's  d e fen ce  a g a in s t  d is ea se , 
c a r r y in g  im m unoglobulins, lym phocytes and monocytes to  s i t e s  
o f  in fe c t io n ,  and components o f  the c lo t t in g  mechanism to  
p o in ts  o f  damage. I t  may be seen, then , th a t  b lo od  is  a 
m u ltipurpose organ concerned , by v i r tu e  o f  i t s  f lu id  n atu re , 
c h i e f l y  w ith  tran sport/and  maim-t e.nance o f  constancy o f  
environm ent. I t  may be asked, then , why should the b lood  
con ta in  formed elem ents such as red  c e l l s ,  w h ite  c e l l s  and 
p la t e le t s ?  and why does i t  not c a r ry  it 's  m a te r ia ls  in  s o lu t io n ?  
The oxygen c a r ry in g  p igm ent, haem oglobin , is  tra n sp o rted  in  
red  c e l l s  because th is  c o n fe rs  a t  le a s t  th ree  advantages on 
the an im al. F i r s t l y ,  i f  the t o t a l  b lood  haem oglobin were 
tra n sp o rted  in  s o lu t io n , th e  b lo od  v i s c o s i t y  would be so
‘ . V f " .. A -‘_* ■: , -Y  . : ft ;>■».■ :i\7. V ; v.' . V .V; Y-A; > i -V- •
j fllfe ra is e d  as to  re q u ire  s u b s ta n t ia l ly  more energy to  pump the b lood
i v ' J v - • •
4/ -l/e/; j around than is  the case when haemoglobin is  entrapped in  the
■ r:., j e r y th ro c y te s . Second ly, haemoglobin in  the plasma would ra is e d  i t s
. !  o n co t ic  pressu re to  p r o h ib i t iv e ly  h igh  va lu es , and th ir d ly ,
© c a r ry in g  haemoglobin in  the c e l l  p reven ts  i t s  lo s s  through the
, J
jb od y 's  e x c re to ry  system s. The presence o f  w h ite c e l l s  and p la t e le t s
]
|is exp la in ed  by the argument th a t t h e i r  fu n ction s are a n a b o lic  andi
I c a ta b o lic  and such systems a re  n e c e s s a r i ly  con ta ined  w ith in  c e l l s .
' I
jCarbon d io x id e  is  tran sp o rted  in  s o lu t io n  in  the b lood , but th is
I
} aga in  p rov id es  a c o n tro l mechanism. The carbon d io x id e  d is s o c ia te s  
land combines w ith  w ater to  form a b icarbon ate  and hydrogen ion
i
.©balance, which is  b u ffe re d  by p ro te in s , and helps to  c o n tr o l the
/' i . -
■ [t issu e  ac id -b ase  s ta tu s .
!
. j The plasma a ls o  c a r r ie s  a m u ltitu de o f  p r o te in s , the most
©abundant o f  which are albumen, f ib r in o g e n  and gam m a-globulins. 
©Albumen g e n e ra lly  acts  as a c a r r ie r  f o r  sm all m olecu les in  the
k.plasma, and a ls o  is  the c h ie f  o n co t ic  pressure c o n t r o l l in g  fa c t o r
; 1
in  the plasma; i t  a cts  to  a sm all degree as a proton  a ccep to r  in  
carbon- d io x id e  c a r r ia g e .  F ib rin ogen  is  the p recu rsor o f  f i b r in ,  a 
p ro te in  re sp o n s ib le  fo r  the meshwork o f  c lo t s .  L a s t ly ,  the gamma- 
+> g lo b u lin s  m ostly  a c t as a n tib o d ies  t o  in vad ing a n t ig en s .
r 1 k;;'v' v, | The o sm o la r ity  o f  albumen and haemoglobin are 1.7 & 0.4 mOsm/L
Ik ,+£+©.1
[' r e s p e c t iv e ly ,  as opposed to  the plasma osm o la rity  o f  2 91 mOsm/L.
( 1
j :V4;v i• ,+hus th ese  m olecu les e x e r t  a s ig n i f i c a n t  fo rc e  on ly  when t h e ir
t'-ft'*"’ /l:, movement is  r e s tra in e d  by sem ipermeable membranes ( i . e .  o n co t ic
If 4|k:
f o r c e ) .
d io x id e  tra n sp o rt .
Haemoglobin is  a la rg e  m olecu le (m olecu lar w eigh t 67,000 d) 
.con s is tin g  o f  a g lo b u lin  fragm ent, i t s e l f  c o n s is t in g
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1 1o f  fo u r  p o ly p e p t id e  chains c< , o ( , f£ , &cj$ , each o f  which is
bound to  a p ro top orp h yrin  p r o s th e t ic  group. The porph yrin
o
r in g  has a c e n t r a l  space some 2A in  d iam eter which takes a 
low sp in  ir o n  atom, h e ld  by lig a n d  b in d in g  in  th e  p lane o f  
the porph yrin  r in g .  In  th re e  dim ensions th e  m olecu le  is  
a lm ost g lo b u la r ,  b e in g  an i r r e g u la r  te tra h ed ron  w ith  th e  fo u r 
iro n -p o rp h y r in  (haem) groups h e ld  in  the co rn ers  o f  the 
m olecu le  in  hydrophobic p o c k e ts . Th is  arrangem ent p r o h ib its  
the oxygen a tion  o f  the fe r ro u s  haem to  the f e r r i c  form which 
is  non oxygen b in d in g . The C te rm in a l ends o f  both  the Sc 
chains occur near th e  haem m olecu les but a re  h e ld  back by 
s a l t  b r id g e s . The c en tre  o f  the m olecu le en c lo s e s  a w a te r 
f i l l e d  space, c o n ta in in g  2-3 d i  phospho gTycerate~o (2-3DPG) , 
the s ig n i f ic a n c e  o f  which w i l l  be ex p la in ed  b e low . Upon 
oxygen a tion  o f  th e  m o lecu le , the ir o n  atom tu rns to  a h igh  
sp in  form  and becomes to o  la r g e  to  f i t  the space a v a i la b le  
and moves some O.IjtR out o f  the p lan e o f  the r in g .  In  do ing 
so i t  takes  w ith  i t  the p rox im a l h is t id in e  o f  th e  « L Sc p  chains 
which in  tu rn  cause the p o ly p e p t id e s  F h e l ix  t o  move c lo s e r  
to  i t s  H h e l ix ,  which in  tu rn  p u lls  the p en u ltim a te  ca rb ox y l 
end amino a c id ,t y r o s in e , fr o m  i t s  p ock et. T h is  ruptu res s e v e ra l 
o f  the s a l t  b r id g es  m entioned and a l t e r s  the t e r t i a r y  and 
qu aternary  s tru c tu re  o f  the m o lecu le , f a c i l i t a t i n g  lo o se  
oxygen b in d in g . (F ig .  3 :1 ) .
The a l l o s t e r i c  b in d in g  beh av iou r o f  haem oglobin 
i s  r e f l e c t e d  in  the oxygen d is s o c ia t io n  cu rve . Th is  is  a 
r e la t io n s h ip  between the  p ercen tage  o f  oxygen bound to
+ o,
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F ig .  3 :1 . Oxygen b in d in g  o f  haem oglob in .
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haem oglobin and th e  p a r t ia l  p ressu re  o f  oxygen p resen t. Th is  
y ie ld s  a s igm o id a l cu rve . (F ig .  3 :2 ) .
The f i r s t  oxygen bound by the haem oglobin m olecu le 
re q u ire s  a co m p a ra tiv e ly  la r g e  amount o f  en ergy  to  b in d . 
However, th is  causes a rearrangm ent o f  the haem oglobin 
m olecu le which makes i t  much e a s ie r  f o r  the n ex t two oxygens 
to  b in d . Th is  in  tu rn  causes a fu r th e r  m o lecu la r rearrangm ent 
such th a t  the fo u r th  oxygen aga in  re q u ire s  more en ergy . Th is  
e x p la in s  the shape o f  th e  curve as shown in  F ig .  3 :3 .
An in c rea se  in  p a r t ia l  p ressu re o f  carbon d io x id e  
moves th e  oxygen d is s o c ia t io n  curve t o  the r ig h t ,  i . e .  the 
p ercen tage  s a tu ra t io n  d ecreases  f o r  a con stan t P02 . Th is  
phenomenon is  referred, t o  as the Bohr e f f e c t .  To be more e x a c t, 
the Bohr e f f e c t  i s  due t o  th e  low er in g  o f  th e  pH. The id e n t i t y
-j. *
o f  the H a c cep tin g  groups a re  s t i l l  under in v e s t ig a t io n  
but th e  carboxy te rm in a l ends o f  th e  p o ly p e p t id e  chains a re  
thought to  be in v o lv e d .
2-3DPG a ls o  reduces haem oglobin a f f i n i t y  f o r  oxygen, 
having i t s  g r e a t e s t  e f f e c t  in  the com plete deoxy form o f  the 
m o lecu le . Th is  a ls o  is  thought to  a f f e c t  the carboxy te rm in a l 
o f  the ch a in s , bu t s in ce  i t  i s  h e ld  in  the c e n t r a l  c a v i t y  o f  
the haem oglobin m o lecu le , which co n tra c ts  upon oxygen a tion , 
i t  e x e r ts  le s s  e f f e c t  in  the oxygenated m o lecu le . From the 
d is s o c ia t io n  cu rve i t  can be seen th a t in  th e  lung c a p illa r ie s  
where th e  P02is  h igh  (about 100mm Hg) , oxygen r e a d i ly  combines 
w ith  th e  haem oglobin , whereas in  the t is s u e s ,  as the c e l l s  
use oxygen , th e  PC>2 is  low ered  (about 40mm Hg) and the
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Fig. 3:2. Haemoglobin - oxygen d issociation curve.
pp C>2 in  mmHg
F ig . 3 :3 . E f f e c t  o f  number o f  oxygen m olecu les b in d in g
to  haem oglobin .
pp 02 in mmHg
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haem oglobin d is s o c ia te s  w ith  i t s  oxygen, thus f u l f i l l i n g  i t s  
tra n sp o rt  fu n c t io n . The lo s s  o f  oxygen in  th e  t is s u e s  is  
fu r th e r  enhanced by the h ig h e r  PCO2 he r e ' ’which due to  the 
Bohr e f f e c t  a llow s  rou gh ly  one e x tra  m i l l i l i t r e  o f  oxygen 
to  be ob ta in ed  from  100 ml b lo od  under normal c o n d it io n s .
The venous P02 r a r e ly  below  40mm Hg f o r  two reason s, f i r s t l y  
the t is s u e s  con ta in  a c e r ta in  amount o f  oxygen them selves , 
and secon d ly , th e  most noticeable' b a r r ie r  t o  oxygen d i f fu s io n  
is  the plasma la y e r  surrounding th e red  c e l l s ,  and a 
con cen tra tio n  g ra d ie n t  has to  be e s ta b lis h e d  across  th is  
b a r r ie r .
Carbon d io x id e  is  tra n sp o rted  in  th e  b lo od  by 
s e v e ra l means, th e  most im portan t o f  which is  as bic<rbon<jte •
The carbon d io x id e , as i t  e n te rs  the plasma, combines w ith  
the w a te r a v a i la b le  to  form ca rb on ic  a c id , which d is s o c ia te s
q.
to  form  b ica rb on a te  ions and H ions which a re  b u ffe r e d  by 
the haem oglobin . Th is  r e a c t io n  occurs some 600 tim es more 
r a p id ly  in  th e  b lo o d  than i t  does in  plasma. Th is  is  due to  
the r e a c t io n  b e in g  c a ta ly s e d  by the enzyme ca rb on ic  anhydrase, 
found in  red  c e l l s .  The d is s o c ia t io n ,  th e r e fo r e ,  occurs 
r a p id ly  in  the red  c e l l s  as th e  enzyme is  p re s e n t, and a ls o  
the c e l l  con ten ts  (v i z . h aem oglob in ),h ave  v a s t l y  s u p e r io r  
b u f fe r in g  powers t o  th e  plasma p r o t e in s . The red  c e l l  thus 
becomes a con cen tra ted  b ica rb on a te  sou rce , which d if fu s e s  
down the co n c en tra t io n  g ra d ie n t  in to  the plasm a. I t  cannot 
take p o s i t i v e  ions w ith  i t  as th e  red  c e l l  membrane a c ts  as 
i f  impermeable t o  th e se , and so th e  e x t r a c e l lu la r  n e g a t iv e
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ion s , m ain ly c h lo r id e ,  move in to  th e  c e l l  t o  res tore ; e l e c t r i c a l  
eq u ilib r iu m . Th is  is  th e  'c h lo r id e  s h i f t * . T h is  e f f e c t i v l y  
r a is e s  th e  plasma b u ffe r in g  e f f e c t .
Carbon d io x id e  is  a ls o  tra n sp o rted  in  sm all amounts 
bound d i r e c t l y  t o  th e  haem oglobin  amino m o ie t ie s  t o  form 
carbam ino-haem oglobin. The p rocess  in v o lv e d  in  CC>2 tra n sp o rt  
a re  summaries in  F ig .  3 :4 .
Red c e l l  p rod u ction  and death
The average  l i f e  span o f  th e  red  c e l l ,  as measured 
by radiochromium la b e llin g , i s  120 days. Thi's means th a t some
12t is s u e s  must e x is t  capab le  o f  p rod u c in g  the n ine b i l l i o n  (10 )
red  c e l l s  re q u ire d  in  the h e a lth y  a d u lt  each day. In  h ea lth  - 
the t is s u e  re s p o n s ib le  f o r  th is  fu n c tio n  is  th e  bone marrow.
In  anaemic s ta te s  th e  l i v e r  and sp leen  may a ls o  become 
e r y th r o g e n ic . Two p rop osa ls  e x is t  as to  th e  natu re o f  th e  stem 
c e l l  o f  e r y th ro c y te  p rod u ction , th e  p o ly p h y le t ic  approach 
which s ta te s  th a t  th e  stem c e l l s  a re  d i f f e r e n t ia t e d  a lrea d y  
in  the m a rro w ,/ i.e . can become noth ing o th e r  than t h e i r  chosen 
c e l l  ty p e , and th e  m onophyletic  approach, which s ta te s  th a t  
th e  stem c e l l s  a re  r e l a t i v e l y  u n d if fe r e n t ia t e d  and can be 
t r ig g e r e d  to  form  many types  o f  b lood  c e l l .  The l a t t e r  
approach is  the one n orm a lly  adopted. The scheme o f  
e ry th ro c y te  p rod u ction  to g e th e r  w ith  some o th e r  c e l l  products 
is  shown in  F ig .  3 :5 .
The la t e  norm oblast is  a n u c lea ted  c e l l  whereas 
the r e t ic u lo c y t e  is  non n u c lea ted , the nucleus b e in g  extruded
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Fig. 3:5.
O steocyte F ib ro b la s t
'C hondrob last
L ip o b la s t
R eticu lo en d oth e liu m  ( U n d if fe r e n t ia te d  )
4
H em ocytob last------------ — ------------- > Lymphoblast
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(B a s o p h ilic )
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a long w ith  a sm all p o r t io n  o f  the c e l l  membrane and cytop lasm , 
and engu lfO d by the e n d o re t ic u la r  system (Dannon 1969)•
Because th e  red  c e l l  has no nucleus i t  can no lo n g e r  in du lge  
in  de novo p r o te in  syn th es is  and thus a l l  the red  c e l l ' s  
haem oglobin , enzymes e t c .  a re  produced b e fo r e  nucleus lo s s .  
Norm ally o n ly  th e  r e t ic u lo c y te s  and tho e ry th ro c y te s  are 
found in  th e  c i r c u la t io n .  The fa m ily  o f  c e l l s  from  the 
pronorm oblast t o  th e  e r y th ro c y te  is  r e fe r r e d  t o  as the e ry th ron  
and tends t o  be h e ld  r e l a t i v e l y  constan t in  mass. The 
o r ig in a l  stem c e l l  p o o l would soon be d e p le te d  i f  a l l  the 
r e s u lts  o f  m ito s is  d i f f e r e n t ia t e d  in to  e ry th ron . I t  i s  thus 
thought th a t  when a stem c e l l  d iv id e s ,  one daughter remains 
u n d if fe r e n t ia t e d  t o  form another stem c e l l ,  w h ile  th e  o th e r  
d i f f e r e n t ia t e s  in to  th e  e ry th ron .
The c o n t r o l  o f  the number o f  c e l l s  in  th e  ery th ron  
is  governed  by e r y th r o p o ie t in ,  which may e i t h e r  be produced 
by the k id n eys , o r  produced from  a plasma g lo b u lin  by th e  
a c t io n  o f  re n a l e r y th r o p o ie t ic  fa c t o r ,  m anufactured in  
response to  h yp ox ia . The hormone seems to  s t im u la te  
d i f f e r e n t ia t io n  o f  the stem c e l l  in to  th e  e ry th ron  and cause 
p r o l i f e r a t io n  w ith in  th is  l in e .  The p rod u ction  o f  more red  
c e l l s  reduces th e  hypoxia  and thus e r y th r o p o ie t in  p rodu ction  
is  reduced. O ther fa c to r s  n ecessary  f o r  th e  o r d e r ly  m aturation  
o f  the e ry th ron  a re  v itam in  B£2 and f o l i c  a c id  (both  o f  which 
seem im portan t in  DNA s y n th e s is ) , a ls o  ir o n , cop p er, p y r id o x in e  
and a s c o rb ic  a c id . Endocrine products a ls o  seem t o  p la y  a 
p a r t ,  f o r  in s tan ce  o es trogen  in h ib it s  e r y th r o p o ie t in  e f f e c t ,
8 1
w h ile  androgens enhance i t .  In  some manner as y e t  not 
e lu c id a te d , hypothalmus fu n c tio n  is  a ls o  n ecessary  f o r  red  
c e l l  p rod u ction  as s t im u la t io n  o f  th is  g land  lead s  to  a r i s e  
in  red  c e l l  p rod u ction .
The reason  f o r  the d e s tru c t io n  o f  th e  red  c e l l  a f t e r  
about 120 days has been the su b je c t  o f  much in v e s t ig a t io n  
a lthough  the p r e c is e  mechanisms in v o lv e d  a re  s t i l l  unknown.
The aged red  c e l l s  ten d  to  be phagocytosed by th e  c e l l s  o f  
the r e t ic u lo e n d o th e l ia l  system , e s p e c ia l ly  those  in  the sp leen  
a lthough  aged red  c e l l  c u l l in g  must occur e lsew h ere , as 
sp leen  rem oval i s  n ot d e tr im en ta l to  h e a lth . A m a jo r ity  o f  
red  c e l l s  e n te r in g  th e  sp leen  en te r  the red  pu lp  and can 
on ly  e n te r  the s in u ses ,an d  thus th e  venous system , by 
t r a v e r s in g  narrow, to r tu o u s , macrophage l in e d  ro u te s .
Consequently , i t  has been su ggested  th a t o ld e r  c e l l s  lo o s e  
t h e i r  m echanical f l e x i b i l i t y  and can no lo n g e r  t r a v e r s e  th ese  
ro u tes , thus a llo w in g  the macrophages to  re c o g n is e  them. An 
a l t e r n a t iv e  su gges tion  is  th a t  as the c e l l s  age , t h e i r  su rfa ce  
charge , c o n fe r r e d  by s i a l i c  a c id  re s id u es , is  d im in ished , 
thus aga in  a llo w in g  macrophage r e c o g n it io n . (Durocher,P a y n e & C o n r a d  1975) 
S ince  a la rg e  number o f  the red  c e l l ' s  p ro p e r t ie s  
both  in  v iv o  and in  e x tra c o rp o re a l c i r c u i t s ,  a re  governed  by 
i t s  membrane, the s tru c tu re  o f  which is  d iscu ssed  in  more 
d e t a i l .
The red  c e l l  membrane
U n t i l  the 1960's the accep ted  model o f  c e l l  membranes
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was the t r i la m in a r  model based upon th a t o f  Dayson and
\  ■
D a n ie l l i  (195 6 ). Th is  c o n s is te d  o f  a b i la y e r  o f  ph osph o lip id s  
w ith  the ou te r  su rfa ces  covered  in  a la y e r  o f  p ro te in  
(F ig .  3 :6 ) .  Th is s tru c tu re  was su ggested  to  e x p la in  the 
o b se rva tio n  th a t  th e  c e l l  membranes under study con ta in ed  
both  p ro te in s  and p h osp h o lip id s , and i f  th e  p h osp h o lip id s  
were in  m onolayer form , th e re  would be tw ic e  as much area  as 
was ..a c tu a lly  p resen t in  the c e l l .  However, as su ggested  by 
S in ger and N ich o lson  (1972) th is  s tru c tu re  i s  therm odynam ically 
u n s tab le . The two c h ie f  b in d in g  fo r c e s ,  o th e r  than c o v a le n t  
fo r c e s ,  to  be found in  m acrom olecu lar s tru c tu re s , are 
hydrophobic and h y d ro p h ilic  f o r c e s . Hydrophobic fo rc e s  are  
gen era ted  by non p o la r  groups on m o lecu les , f o r  in stan ce  
hydrocarbons, a ttem p tin g  t o  s eq u es te r  them selves from w a ter, 
thus r e s u lt in g  in  th e  lo w es t p o s s ib le  f r e e  en ergy  c o n fig u ra t io n . 
H yd ro p h ilic  fo r c e s  a re  th e  con verse , th a t  is  p o la r  groups, f o r  
in stan ce  z w it t e r io n ic  p a r ts  o f  p r o te in s , w i l l  tend  to  move 
towards aqueous environm ents. In  th e  c la s s ic  t r i la m in a r  model 
n e ith e r  hydrophobic nor h y d ro p h ilic  in te ra c t io n s  a re  maximised. 
The p h osp h o lip id  p o la r  heads a re  p la ced  next t o  a la y e r  o f  
p r o te in , which a lthou gh  p o la r  in  p a r ts ,  must a ls o  con ta in  
many non p o la r  amino a c id  re s id u e s , and a ls o  th e  p ro te in  
i t s e l f  cannot seq u es te r  i t s  non p o la r  groups away from  w ater 
in  the most e f f i c i e n t  manner p o s s ib le .
To overcome th is  problem . S in ger (1974) has 
su ggested  the f lu id  m osaic model o f  membrane s tru c tu re . The 
ph osp h o lip id s  may s t i l l  be arranged  in  a b i la y e r  w ith  the
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Fig. 3:6. Day .son D an ie lli model o f the c e l l  membrane.
] ' i \ }  j
P ro te in  la y e r
H yd ro p h ilic  
l i p i d  'h ead s '
Hydrophobic 
l i p i d  ' t a i l s '
F ig .  3 :7 . S in ger & N ich o lson  model o f  the c e l l  membrane.
-Non tr a v e r s in g  
in t r in s ic  p ro te in
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non p o la r  f a t t y  a c id  chains embedded in s id e  th e  s tru c tu re , 
w h ile  th e  p o la r  groups a re  on the o u ts id e , but the p ro te in s  
in t e g r a l  to  th e  membrane are  con s id ered  to  be b u ried  in  the 
b i la y e r ,  e i t h e r  t r a v e r s in g  i t  o r  n o t. C e r ta in  o th er  membrane 
p ro te in s  a re  not b u r ied  in  th e  membrane but lo o s e ly  a ttach ed  
t o  one o r  o th e r  o f  i t s  s u r fa c e s , as shown by the ease w ith  
which th ey  may be removed. These a re  r e fe r r e d  t o  as e x t r in s ic  
p ro te in s  and are  not p a r t  o f  th e  membrane p rop e r, a lthough  
th ey  may add fu n c t io n a l o r  s t ru c tu ra l q u a l i t ie s  t o  th e  membrane. 
I f  th is  model is  a u s e fu l one, th e  in t e g r a l  p ro te in s  must be 
con s id ered  am phipath ic, i . e .  p a r t  o f  the m o lecu le  may be 
p o la r  and another p a r t  non p o la r .  (F ig .  3 :7 ) .
I t  is  w e l l  known th a t  many p ro te in s  have an amino 
a c id  sequence capab le  o f  p roducing amphypathy, and thus the 
membrane may con ta in  a w id e ly  heterogenous group o f  p r o te in s ,  
(S teck  1974). C ir c u la r  d ich ro ism  measurements o f  p ro te in s  in  
membrane fragm ents have p re v io u s ly  shown th a t  about 40 % 
o f  the p r o te in  i s  in  r ig h t  handed <<- h e l i c a l  form . D ichroism  
measurements o f  s o lu t io n s  o f  p ro te in s  g iv e  a f ig u r e  much 
low er than t h is ,  su gges tin g  th a t  th e  p ro te in s  in  th e  membrane 
tend  to  be o f  a g lo b u la r  form ra th e r  than in  a m onolayer. The 
p h osp h o lip id  i s  a b i la y e r  as shown by X -ray  d i f f r a c t io n  
(Oseroffe^aj 1973) and sp in  la b e l l in g  (Landsberger 1971). I t  is  
p o in ted  out by S in ger (1974) th a t  n e ith e r  o f  th ese  techn iques 
show whether o r  not th e  la y e r  is  continuous, and i f  p ro te in s  
a re  in te r c a la t e d  in to  th e  membrane i t  must be p o s s ib le  f o r  the 
b i la y e r  t o  be in te r ru p te d . As fa r  as the in te r a c t io n s  between
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p ro te in s  and ph osp h o lip id s  a re  concerned, a p a ra d o x ica l 
s itu a t io n  e x is t s .  S e v e ra l membrane enzymes re q u ir e  l ip id s  as 
c o fa c to r s  in  t h e i r  fu n c t io n in g  (Coleman 1973), but on the 
o th e r  hand, c a lo r im e t r ic  s tu d ies  show th a t  d eg rad a tion  o f  
membrane p ro te in s  has l i t t l e  e f f e c t  on th e  s tru c tu re  o f  the 
p h osp h o lip id  la y e r  ( M cConnell 1974) . They su ggest th a t  a 
m a jo r ity  o f  th e  p h osp h o lip id  b i la y e r  does not in te r a c t  a t  a l l  
w ith  the p r o te in s ,  but th e  sm all p ro p o rt io n  im m ed ia te ly  
a d ja cen t to  the p r o te in  g lo b u le s  in te r a c t  w ith  them s t r o n g ly .  
I t  is  a ls o .n o t  c le a r  whether th e  p ro te in s  o r  th e  l ip id s  form 
th e  m a trix  o f  the membrane. I f  th e  p ro te in s  were the m a tr ix , 
a r i g i d  membrane h e ld  to g e th e r  by s tron g  p r o te in -p r o te in  
bonding would r e s u lt ,  whereas i f  the l ip id s  a re  the m a tr ix , a 
much more f lu id  s tru c tu re  is  l i k e l y .  S in g e r  has shown ( S in ger  
197$) th a t  when c e r ta in  membrane p ro te in s  a re  la b e l le d  w ith  
f e r r i t i n  con ju gated  a n t i - s p e c i f i c  p r o te in  a n t ib o d ie s  and 
v iew ed  under th e  tran sm iss ion  e le c t r o n  m icroscope, t h e i r  
d is t r ib u t io n  appears random and d isp e rsed . A ls o ,  f r e e z e  
e tc h in g  o f  membranes, ( i . e .  c le a v in g  fro z e n  membranes between 
the two h a lv es  o f  th e  b i la y e r  and then a llo w in g  the w a ter to  
sublim e p r io r  to  e le c t r o n  m icroscopy) shows p rotru berances 
randomly s c a t te r e d  in  the l i p i d  m a tr ix ; th ese  a re  presumably 
p r o te in s .  S in g e r 's  model a ls o  a llow s  in t e g r a l  p ro te in s  t o  come 
in to  p ro x im ity  w ith  each o th e r in  the membrane, perhaps to  
f a c i l i t a t e  fu n c t io n . T h is  is  thought to  be th e  case w ith  the 
cytochrom es B£ to  aa£ in  m ito ch on d ria l membranes.
86
The c h a ra c te r is a t io n  o f  these membrane p ro te in s  was 
im p oss ib le  u n t i l  some method o f  rem oving them from the l ip id ^  
phase was found. The method used in v o lv e d  th e  d is p e rs io n  o f  
membranes w ith  the d e te rg e n t sodium d odecy l su lphate (SDS) 
coup led  w ith  g e l  f i l t r a t i o n .  T h is  techn ique y ie ld s  separa ted  
p o lyp e p tid e  ch a in s . The red  c e l l  membrane was found to  con ta in  
7 - 9  main’ components (G u id o tt i 1972) o f  m o lecu la r w e igh t 
150,000 -  2 50,000 d a lto n s . The 2 50,000 d fragm ents a re  v e ry  
s im ila r  t o  m yosin. An a s s o c ia te d  l i g h t e r  component o f  43,000 d 
is  s im ila r  t o  a c t in ,  a lthough  th is  amino a c id  com position  is  
c lo s e  t o  the average amino a c id  com position  o f  a l l  p ro te in s  
and may thus not be m ean in gfu l. Th is  complex i s  known as 
s p e c tr in  and w i l l  be d iscu ssed  fu r th e r  be low . A s s o c ia te d  w ith  
the ou te r p a r t  o f  the membrane is  a component o f  about 
31 -  55,000 d which is  the m ajor s ia lo g ly c o p r o t e in  o f  the 
membrane. Th is  con ta in s  most o f  the s i a l i c  a c id  o f  th e  red  
c e l l  membrane as w e l l  as the AB and MN b lo od  group determ inen ts 
and the in flu e n za  v iru s  r e c e p to r . (Bretcher & Raff 1975J . There is  
a ls o  a p r o te in  o f  100,000 d a s s o c ia te d  w ith  th e  o u te r  h a l f  o f  
the membrane and i t  has been su ggested  (M abchesi e t  a l  1973) 
th a t  both  th is  and th e  s ia lo g ly c o p r o t e in  co m p le te ly  t r a v e r s e  
th e  l i p i d  b i la y e r .  G u id o tt i  (1972) s tre s s e s  th e  asymmetry o f  
the membrane w ith  r e s p e c t  to  i t s  p r o te in s , most o f  which seem 
to  occur predom inan tly  in  one s id e  o r the o th e r  o f  the b i la y e r ,  
and s in ce  th e  membrane sep ara tes  two ra th e r  d i f f e r e n t  aqueous 
phases, th is  i s  not unexpected . The asymmetry o f  th e  membrane 
was fu r th e r  rev iew ed  by S teck  (1974 ). He p o in ted  out th e
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drawbacks o f  the method o f  a s s e r ta in in g  whereabouts in  the 
membrane a p r o te in  e x is t s ,  i . e .  by comparing th e  re a c t io n  o f  
unsea led  ghosts t o  probe m o lecu les , to  th e  re a c t io n s  o f  whole 
c e l l s .  These o b je c t io n s  r e l y  on the g r e a t  d i f f e r e n c e  between 
the modes o f  p rep a ra t io n  o f  each . A b e t t e r  system , he says, 
is  to  use v e s ic le s  manufactured from  red  c e l l  gh os ts , e i th e r  
r ig h t  s id e  out o r  in s id e  ou t, and expose th ese  to  probe 
m olecu les such as pronases. I t  was thus shown th a t  a t  le a s t  
a 100,000 d component and the s ia lo g ly c o p r o t e in  PAS 1 (P e r io d ic  
A c id ic  S h i f f s )  do co m p le te ly  t ra v e r s e th e  l i p i d  b i l a y e r , '  w h ile  
o th er  p r o te in s ,  a c e ty lc h o lin a s e  f o r  in s ta n ce , a re  b u ried  in  
one h a l f  o f  the b i la y e r  on ly .M arch es i (1973) have
e x tra c te d  and c h a ra c te r is e d  th e  s ia lo g ly c o p r o t e in  o f  the red  
c e l l  membrane and found i t  t o  c o n s is t  o f  a s in g le  p o lyp e p tid e  
w ith  i t s  ca rb ox y l ■ end fo l lo w e d  by a c o i le d  re g io n  o f  
hydrophobic amino a c id s , then a r e g io n , , h y d ro p h il ic  in  natu re , 
to  which the sa cch a rid e  re c e p to rs  a re  a tta ch ed  ju s t  p r io r  to  
i t s  amino end. This* would ten d  to  o f f e r  fu r th e r  ev id en ce  th a t  
th is  p r o te in  c o m p le te ly  t ra v e r s e s  the membrane. I t s  amino end 
is  o u ts id e  th e  c e l l  and i t s  ca rb oxy l end in s id e ,  w ith  a re g io n  
o f  hydrophobic c o i l s  b u ried  in  the membrane.
I t  seems th a t  not o n ly  are  th e  p ro te in s  in  the 
membrane arranged  a sym m etr ica lly , but so a re  th e  l ip id s .
Bretc:her_<£ Raff (1975) has s ta te d  th a t  g ly c o l ip id s  and most c h o lin e  
c o n ta in in g  p h osp h o lip id s  such as p h osp h otid y l c h o lin e  and'i
sph ingom yelin  a re  c o n fin ed  t o  the ou te r h a l f  o f  th e  membrane, 
w h ile  th e  amino p h osp h o lip id s  (p h osp h o tid y l s e r in e  and
8 8
ph osph atidy l ethanolam ine) a re  co n fin ed  to  the in n er h a l f .
Th is s i tu a t io n  has most p rob ab ly  come about du ring membrane
sy n th es is , s in ce  w h ile  l i p i d  m olecu les can exchange w ith  one
another l a t e r a l l y  r e l a t i v e l y  e a s i ly ,  (exchanging a t  a ra te  o f  
f10 tim es a second) th ey  cross  to  the o th e r  h a l f  o f  the 
b i la y e r  v e r y  s lo w ly , about once a fo r tn ig h t ,  th is  p rocess 
b e in g  r e fe r r e d  to  as ' f l i p - f l o p 1 (Shohet 1972). A ls o  the red  
c e l l ,  haning no nucleus, cannot produce l ip id s  de novo and 
thus renews i t s  membrane l ip id s  by exchange w ith  f r e e  l ip id s  
in  th e  plasm a. The b io lo g ic a l  re le va n ce  o f  th e  l i p i d  
asymmetry is  not known, but a p o s s ib le  ex p la n a tio n  is  th a t  
c e r ta in  membrane enzymes re q u ir e  s p e c i f i c  l ip id s  as c o fa c to r s ;  
g ly c o l ip id s  s e rv in g  as c o fa c to r s  f o r  enzymes, w h ile  th e  amine 
p h osph o lip id s  s e rve  as c o fa c to r s  f o r  the in n er enzymes. L ip id  
asymmetry may a ls o  have re le va n c e  to  the m echanical s tru c tu re  
o f  the membrane. Only p h osp h a tid y l ch o lin e  c a r r ie s  a n e g a t iv e  
e l e c t r o s t a t i c  ch arge , th e  o th er  l ip id s  a re  z w i t t e r io n ic . Th is 
means th a t  th e  l i p i d  b i la y e r  c a r r ie s  a n et n e g a t iv e  charge 
on i t s  in n er su r fa c e , o v e r  and above the n e g a t iv e  charge 
a s s o c ia te d  w ith  the membrane as a whole which is  p rov id ed  by 
the n e g a t iv e ly  charged s i a l i c  a c id .
Second ly , th e re  i s  ev id en ce  th a t  the ou ter  la y e r  o f  
the b i la y e r  is  under com pression w h ile  the in n er la y e r  is  
under te n s io n . Th is s itu a t io n  can a r is e  i f  th e  l ip id s  in  the 
o u te r  la y e r  a re  more c lo s e ly  packed than those in  th e  in n er 
la y e r .  Th is  id ea  has le a d  to  th e  b i la y e r  cou p le  h ypo th es is  
(Sheetz and S in g e r  1974). Th is  h ypothes is  assumes th a t  the
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two la y e rs  o f  the l i p i d  b i la y e r  a re  not o n ly  asym m etrica l, 
but can r e a c t  d i f f e r e n t l y  t o  c e r ta in  s t im u li .  Th is h ypothes is  
can be used to  e x p la in  the red  c e l l  shape changes a sso c ia ted  
w ith  exposure to  va r io u s  sm all charged drug m olecu les such as 
some a n a es th e t ic s  and b a rb itu ra te s .  D eu ticke (1968) has 
observed  th a t  most o f  th e  drugs which cause red  c e l l  c ren a tio n , 
f o r  in s tan ce  2-4 d in itro p h e n o l and b a rb itu ra te s , a re  an ion ic  
in  ch a ra c te r . I f ,  as i s  though t, th ese  drugs in t e r c a la t e  in to  
the l i p i d  b i la y e r ,  th ey  w i l l  ten d  to  d is t r ib u te  them selves 
p r e f e r e n t ia l l y  in to  th e  ou te r  h a l f  o f  th e  b i la y e r  away from 
the n e g a t iv e ly  charged p h osp h a tid y l c h o lin e . A ls o , s in ce  
th ese  m o lecu les tend  to  b e .am phipath ic, t h e i r  hydrophobic 
p o r t io n s  w i l l  be in  th e  l i p i d  t a i l  p a r t  o f  th e  membrane, w h ile  
the h y d ro p h ilic  p a r ts  w i l l  be a t  th e  membrane-water in te r fa c e .  
Th is  arrangem ent w i l l  r e s u lt  in  th e  o u te r  l i p i d  la y e r  expanding 
r e la t i v e  t o  th e  in n e r , and th e  membrane bends in  a manner 
analogous t o  a b im e ta l s t r ip .
W ith c a t io n ic  drugs, such as p h en o th ia z in e  and lo c a l  
a n a e s th e t ic s , th e  con verse  o ccu rs . These drugs in te r c a la t e  
in to  the in n e r  h a l f  o f  th e  l i p i d  b i la y e r  n ex t t o  th e  n eg a t iv e  
ph osp h atid y l c h o lin e , causing cup-form s o f  th e  red  c e l l  (F ig .  
3 :8 ) .
A c o r  oI Ia ry  t o  th is  argument is  th a t  any l i p i d  
in t e r c a la t in g  m olecu les  which cannot pass through the b i la y e r ,  
w hatever t h e i r  ch arge , a re  by n e c e s s ity  c r e n a to rs , as th ey  
have to  b in d  in to  th e  o u te r  h a l f  o f  the b i la y e r .
A somewhat d i f f e r e n t  approach t o  th is  problem  has
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F i g . 3 : 8 . E f f e c t  o f  c h a r g e d  d r u g s  o n  r e d  c e l l  m e m b r a n e s .
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been adopted by Johnson and Robinson (1976 ). They c o n s id e r
+the case o f  c a t io n ic  e l e c t r o ly t e s  such as Na and d iv a le n t
1_1_ _1 I „j_
ca t io n s  such as Ca , Mg and Sr . In c r e a s in g  Na 
co n c en tra t io n  causes th e  red  c e l l s  to  c re n a te , w h ile  d iv a le n t  
c a t io n s  a ls o  cause c ren a tio n  but t o  a g r e a te r  d eg ree . Anions 
appear n o t to  have an e f f e c t .  S in ce  the c a t io n s  a re  p rob ab ly  
to o  sm all t o  cause th e  in t e r c a la t in g  e f f e c t  produced by the 
drugs, t h e i r  mode o f  a c t io n  may be reduced t o  l ik e -c h a rg e  
re p u ls io n  in  th e  in n er l i p i d  la y e r .  That i s ,  th e  n e g a t iv e ly  
charged p h osp h a tid y l c h o lin e  l ip id s  w i l l  ten d  t o  be r e p e l le d  
from one another in  th e  in n er h a l f  o f  the membrane and thus 
pack lo o s e ly ,  bu t th e  in te r p o la t io n  o f  p o s i t i v e l y  charged 
ca t io n s  w i l l  reduce th is  re p u ls io n  a llo w in g  t i g h t e r  pack ing 
and thus causing th e  membrane t o  bend, and th e  c e l l s  t o  
c re n a te . (F ig .  3 :9 ) •
Vaughan and Penn iston  (1976) c a r r ie d  out s im ila r  
experim ents bu t a t  room tem perature ra th e r  than in  th e  c o ld  
as Johnson and Robinson d id . They ob ta in ed  ra th e r  d i f f e r e n t  
r e s u lts  in  th a t  w h ile  d iv a le n t  c a t io n s  such as Ca++ , N i++
+•+ J j , i
and L i  caused ech in ocy tosd s , members o f  th e  Ca s e r ie s ,
# +  -1 - © * --j- *■] -/j-
i . e .  Ca , Sr , Ba and La suppressed e ch in o cy te  fo rm ation
++in  the p resen ce o f ,  f o r  in s ta n ce , Mg . T h is  e f f e c t  th ey  
a t t r ib u t e  t o  a s p e c i f i c  b in d in g  s i t e  f o r  Ca++ b e in g  exposed 
o n ly  a t  37°C, and th a t  th is  b in d in g  s i t e  may have an 
independent e f f e c t  upon c e l l  shape. I t  i s  in t e r e s t in g  here to
 J.
note th a t  Ca a f f e c t s  th e  e x t r in s ic  p r o te in  s p e c t r in  complex, 
which w i l l  be d iscu ssed  below .
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F i g .  3 : 9 .  E f f e c t  o f  c a t i o n s  o n  c e l l  m e m b r a n e s
u r n  r
UJJ i i
L ip id  B i la y e r
+ Sr++
\ \  r  /
Sr Sr
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The red  c e l l  s p e c t r in  com plex
The model o f  membrane s tru c tu re  so f a r  d es c r ib ed  
may account f o r  th e  f l u i d i t y  o f  th e  red  c e l l  membrane, bu t 
due t o  the supposed la c k  o f  lon g  range p r o te in -p r o te in  
in te r a c t io n s ,  t h is  model does not account f o r  i t s  e la s t i c  
beh av iou r.
M archesi and S te e rs  (1968) e x tra c te d  red  c e l l  gh ost 
membranes u s in g  a tech n iqu e  known to  s o lu b lis e  a c t in ,  i . e .  
t r y p s in iz a t io n  in  a low io n ic  s tre n g th  medium fo llo w e d  by 
d ia ly s is  a g a in s t  ATP. Upon re fo rm a tion  o f  t h e i r  e x t r a c t  in  a 
medium o f  d iv a le n t  c a t io n s  th ey  found, by e le c t r o n  m icroscopy, 
th a t  c o i le d  fila m e n ts  were form ed. These fila m e n ts  were found 
to  be a n t ig e n ic a l ly  d is s im i la r  t o  a c t in ,  and th ey  named the 
m a te r ia l s p e c t r in  (La . S pek tor -  a g h o s t ) . E a r ly  work 
determ ined th e  m o lecu la r w e igh t t o  be about 140,000 d .(M a rch es i 
1969). However, l a t e r  work (Fairbanks etal 1971^  u s in g  p o ly ­
acry lam ide g e l  e le c t r o p h o r e s is  o f  gh ost membranes showed s ix  
sharp bands. Bands 1 and 2 resem bled  s p e c tr in  but th e  m o lecu la r 
w e igh t o f  th ese  was in  th e  o rd e r  o f  250,000 d. C larke (1971) 
a ls o  is o la t e d  two w a te r s o lu b le  p r o te in  fr a c t ip n s  from red  
c e l l  membranes o f  m o lecu la r w e igh t 220,000, and 250,000 d.
S ince C la rke presum ably understood  th a t  s p e c t r in  had a 
m o lecu la r w e igh t o f  140,000 d a t  th is  tim e , she re ferred  to  
th is  substance as t e k t in  A . I t  has s in ce  become apparent 
however, th a t  she must have is o la t e d  the two bands o f  s p e c t r in .
She found th a t  th e  two components o f  s p e c tr in  cou ld  be c ross
*
lin k ed  by d im eth y l-su b erim id a te  to  form a dim er o f  460,000 d.
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The a x ia l  r a t io  o f  th is  dim er is  45:1 a n d h e l i x  con ten t 
app rox im ate ly  50%. Th is  c o n f ig u ra t io n  makes a myosin l ik e  
arrangement f o r  th e  m olecu le  p o s s ib le .
The p o s it io n  o f  th e  s p e c tr in  fila m e n ts  in  th e  c e l l  
membrane was examined by N ich o lson  e t  a l  (1971) by the use 
o f  f e r r i t i n  con ju ga ted  a n t ib o d ie s . By p rep a r in g  the red  c e l l  
ghosts in  such a way as t o  m ain ta in  la rg e  'p o r e s ' in  the 
membrane, i . e .  by g lu ta ra ld eh yd e  f ix a t io n  im m ed iate ly  a f t e r  
slow  h aem o lys is , th ey  were a b le  t o  show th a t  s p e c i f i c  r a b b it  
anti-human s p e c tr in  f e r r i t i n  con ju ga te  bound e x c lu s iv e ly  to  
the in n e r  su rfa c e  o f  th e  RBC membrane. As a n e g a t iv e  c o n t r o l ,  
th ey  were a b le  to  show th a t  a n t ib o d ie s  d ir e c te d  to  tob acco  
p ro te in s  d id  not b in d . Furtherm ore, rem oval o f  the s p e c t r in  
from the membrane stopped th e b in d in g , and a ls o  th a t  b lo c k in g  
o f  th e  s p e c t r in  a n t ig e n ic  s i t e s  by an excess o f  unconjugated 
a n t i- s p e c t r in  b lo ck ed  the b in d in g  o f  con ju ga ted  a n t i- s p e c t r in . 
These experim ents showed c o n c lu s iv e ly  th a t  th e  s p e c tr in  was 
lo c a l is e d  on th e  in n er su r fa c e  o f  the membrane. The s tru c tu re  
o f  th e  s p e c tr in  in  v iv o  s t i l l  remains obscure. A s tru c tu re  
su ggests  i t s e l f  in  which th e  p r o te in  formed lon g  ch a in s , c ross  
lin k e d  to  form  a n e t, in  much the same way as is  seen in  v i t r o . 
However, R a ls ton  (19 75) s ta te s  th a t  pure s p e c t r in  in  la r g e r  
than te tra m e r ic  form  has not been found y e t ,  but th a t  when 
a s s o c ia ted  w ith  e r y th ro c y te  a c t in  la rg e  complexes a re  form ed. 
Furtherm ore, he s ta te s  th a t  a lthough  the sed im en ta tion  
c o e f f i c i e n t  is  low er than one would exp ec t f o r  a g lo b u la r  
p r o te in ,  su gg es tin g  a rod  shaped m olecu le,.m easurem ents o f
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dependant natu re o f  th e  sed im en ta tion  c o e f f i c i e n t ,  su ggest
th a t  th is  model is  in a p p ro p r ia te . A b e t t e r  model is  a h ig h ly
o
expanded but sym m etrica l model o f  S to k e 's  rad iu s  200 A.
Based on th e o b se rva tio n  th a t  s p e c t r in  is  o fte n  
is o la t e d  from  RBC ghosts  in  a s s o c ia t io n  w ith  an a c t in  l ik e  
m o lecu le , r e fe r r e d  t o  as e r y th ro c y te  a c tin , R a ls ton  proposes 
a model f o r  th e  s tru c tu re  o f  th e  s p e c tr in  com plex (F ig .  3 :1 0 ). 
The s p e c tr in  te tram ers  in t e r l in k  through the a c t in  m olecu les 
and a re  h e ld  in  p o s it io n  r e l a t i v e  t o  the l i p i d  b i la y e r  by the 
in te r a c t io n  o f  th e  c e n tre  o f  the s p e c tr in  c ro ss  w ith  in t e g r a l  
membrane p r o te in s .
R a ls ton  a ls o  c i t e s  a p erson a l communication from 
D. Branton which s ta te d  th a t  under e le c t r o n  m icroscopy, the 
s p e c tr in  dim er appears as a th re e  lobed  s tru c tu re  ra th e r  than 
a rod . F o llo w in g  R a ls to n 's  model i t  i s  su ggested  th a t  th e  
s p e c tr in  te tram ers  cou ld  form t h e i r  own anchoring system . I f  
the te tra m er was arranged  as in  F ig .  3 :11a, th is  cou ld  occu r, 
but to  p re s e rv e  symmetry, F ig .  3:11b may be n ea rer to  the 
c o r r e c t  m odel. Th is in  i t s e l f  fu r th e r  p r e d ic ts  the p o s s ib l i t y  
o f  a th re e  d im ensiona l arrangem ent f o r  the com plex, w ith  
fu r th e r  a c t in  and s p e c tr in  lin k s  o ccu rin g  a t  r ig h t  an g les  t o  
the p lan e  o f  th e  o r ig J .n a l  com plex.
A more complex arrangement f o r  th e  s p e c tr in  a rra y  
than th a t  o f f e r e d  by R a ls ton  may be n ecessary  when the s t r e tc h  
c a p a b i l i t i e s  o f  the c e l l  as a whole a re  co n s id e red . The red  
c e l l  can s t r e tc h  by some 300% (Kochen 1966) b e fo r e  c e l l
t h e  p r o t e i n ' s  i n t r i n s i c  v i s c o s i t y ,  a n d  t h e  c o n c e n t r a t i o n
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F i g .  3 : 1 0 . P r o p o s e d  m o d e l  f o r  r e d  c e l l  s p e c t r i n  c o m p l e x .
Proposed shape f o r  
s p e c tr in  te tra m er.
Membrane in t e r io r
E ry th ro c y te
— a c t in  
In t r in s ic
— p ro te in
-L ip id  b i la y e r
■^Anchor p ro te in  
-S p e c tr in
E x tr in s ic
p ro te in
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F i g .  3 : 1 1 . S p e c t r i n  t e t r a m e r - P o s s i b l e  s h a p e s .
a) Shape to  y i e ld  a two-dimensional network.
b ) Shape to  y i e ld  a th ree -d im en s ion a l network.
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rupture occu rs , p ro v id ed  th a t th e re  is  no r e s t r i c t i o n  in  c e l l  
volume, change. Evanst.Lacelle(l97^feuggests th a t  a p r o te in  network 
cou ld  c o lla p s e  l i k e  a garden t r e l l i s w o r k  t o  accommodate th is  
s t r e tc h .  However, i f  th e  arms o f  th e  s p e c tr in  c rosses  were 
them selves in e x te n s ib le ,  an ex ten s ion  o f  o n ly  41% is  p o s s ib le ,  
th e r e fo r e  e i t h e r  th e  p r o te in  i t s e l f  must s t r e tc h ,  o r  a more 
.complex system  must e x i s t .  A th ir d  p o s s ib i l i t y  does e x is t  
which i s ,  as s ta te d  in  ch ap ter 1, the l i p i d  b i la y e r  f lo w s , 
c a l l in g  f o r  the s p e c t r in  complex t o  on ly  rea rran ge  i t s e l f .
•This argument con s id ers  the sp e c tr in  complex t o  be 
a p a ss iv e  body. I f  i t  'were capab le  o f  e x e r t in g  a fo r c e ,  and 
a ls o  o f  m oving, an en ergy  source must be a v a i la b le  to  i t ,  
and th is  en ergy  must be u t i l i s e d .  One o f  th e  most u b iqu itou s  
en ergy  s to re s  in  the l i v in g  system is  th e  tr ip h osp h a te  
"n u c leo tid e  adenosine tr ip h o s p h a te (A T P ). S e v e ra l workers have 
th e r e fo r e  t e s t e d  th e  s p e c tr in  complex f o r  ATP u t i l is a t io n ^  
n orm a lly  by e i t h e r  u s in g  ATP la b e l le d  w ith  r a d io a c t iv e  
phosphorous, o r  by lo o k in g  f o r  ATPase a c t i v i t y .  Penn iston  
and Green (1968) have in v e s t ig a te d  the ATP e n e rg is a t io n  o f  
in ta c t  red  c e l l  gh ost membranes. They found th a t  p in o c y to s is  
occu rred  in  th e  membrane o n ly  when ATP was a v a i la b le .  I f  ATP 
was not a v a i la b le  o n ly  buds and v e s ic le s  form ed. Th is  does 
not im p lic a te  s p e c tr in  p e r  s e . . Lu tz e t  a l  (1977) have found 
th a t  d e p le t in g  membrane g lu cose  (and thus en ergy ) causes the 
red  c e l l  t o  lo o s e  p a rts  o f  i t s  membrane in  th e  form o f  
haem oglobin f i l l e d  v e s ic l e s .  These v e s ic le s  con ta in  no s p e c tr in  
o r  p e r ip h e ra l p r o te in s ,  but do possess the com plete l i p i d
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b i la y e r ,  and a ls o  in t r in s ic  p r o te in s .
Sheetz and S in ge r  (1977) a ls o  in v e s t ig a te d  membrane 
shape change w ith  r e la t io n  t o  ATP d e p le t io n , in  th is  case 
im p lic a t in g  th e  s p e c tr in  com plex. They ly s e d  red  c e l l s  in  
such a way as to  produce cren a ted  gh osts . These ghosts were 
ATP d e p le te d , but i f  incubated  w ith  is o to n ic  T r is  w ith  
magnesium and ATP, th ey  g ra d u a lly  re tu rned  t o  the b icon cave  
d is c ,  a lthough  each in d iv id u a l c e l l  changed shape q u ic k ly .
They then perform ed the  same experim ent in  th e  p resence o f  
an a n t i - s p e c t r in  a n tib od y , in  a one to  one r a t i o  w ith  the 
s p e c tr in  m olecu les p resen t, and th ey  ob ta in ed  a gh ost which 
cou ld  tran s fo rm  to  the sphere, bu t not t o  th e  d is c .  A 1:10 
an tib ody  : s p e c t r in  r a t i o  made th e  t r a n s it io n  fa s t e r .  I f  
on ly  Fab fragm ents o f  th e  an tib ody  were used, i . e .  so th a t  
i t  had no a b i l i t y  to  c ro ss  l in k  th e s p e c t r in , th e  t r a n s it io n  
p rog ressed  as i f  no an tib od y  were p resen t. To f in d  where
32th is  en ergy  was used, th ey  then used ATP la b e l le d  w ith  tf P
in  th e  phosphate groups. Upon in s p e c t io n  i t  was found th a t
the band 2 o f  s p e c tr in  on SDS g e l  e le c tr o p h o re s is  was la b e l le d  
32w ith  J P , showing th a t  th ese  m olecu les had become 
p h osp h ory la ted , and im p lic a t in g  them in  en ergy  usage. Sheetz
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and S in g e r  deduced th a t  ATP and Mg are n ecessa ry  f o r  
shape change, th a t  s p e c tr in  a c ts  by undergoing ATP dependent 
p o ly m e r is a t io n . A ls o , ATP is  a su b stra te  f o r  a membrane 
k in a se , s in ce  phosphate groups a c tu a l ly  l in k  t o  s p e c t r in .
They a ls o  found th a t  p o lym er isa t io n  o f  a lre a d y  ph osphory la ted  
s p e c tr in  is  th e  ra te  l im it in g  s tep  in  the r e a c t io n . They
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su ggest th a t  i f  the s p e c t r in  network expands du ring 
p o ly m er isa t io n , the membrane w i l l  bend.
B irch m eier and S in g e r  (1977) have a ls o  
in v e s t ig a te d  th is  problem  and deduced th a t  th e  membrane 
possesses both  k in ase and phosphatase a c t i v i t y ,  which 
ph osph ory la tes  and dep hosphory la tes  a p a r t ic u la r  p o s it io n  
in  th e  s p e c t r in  m o lecu le . They a ls o  found th a t  the degree 
o f  p h osp h ory la tion  is  c o r r e la te d  w ith  the shape o f  the RBC 
gh ost.
Hayashi, Jarrett*Penniston(l978) have separa ted  the red  c e l l  
membrane in to  va r io u s  fr a c t io n s ;  the s p e c t r in -a c t in  
com plex, the p e r ip h e ra l p r o te in s ,  and smooth membrane, and 
found th a t  ATPase a c t i v i t y  was a s s o c ia te d  o n ly  w ith  the 
smooth membrane f r a c t io n .  S l ig h t  a c t i v i t y  was a s s o c ia ted  
w ith  s p e c t r in , but th is  may be a contam inant. They su ggest 
th a t  th e  membrane in t e g r a l  p ro te in s  and s p e c tr in  complex 
work in  con ju n c tion  t o  produce ATP s p l i t t in g .
Feo and Mohandas (1977) a ttem pted to  c l a r i f y  the 
s itu a t io n  by in cu b a tin g  red  c e l l s  w ith  e i t h e r  T r is  b u f fe r ,  
T r is  b u f fe r  le s s  g lu c o s e , o r  T r is  b u f fe r  p lus io d o a c e ta te  
t o  remove ATP. ATP l e v e ls  were measured by lu c h fe r in  assay
and membrane in t e r n a l is a t io n  a ch ieved  w ith  ch lo r fro m a z in e .
The r e s u lts  o f  Feo and Mohandas a re  b e s t  
summarised by a graph (F ig .  3 :1 2 ).  They observe  th a t  a t  one
p o in t  th e re  e x is t  d is c o c y te s  c o m p le te ly  la c k in g  in  ATP
which then  tran s fo rm  to  c ren a ted  c e l l s .  They a ls o  show th a t
1 0 1
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F i g .  3 : 1 2  . E f f e c t  o f  A . T . P .  o n  r e d  c e l l  s h a p e
P a r t ia l  c ren a tio n
-T ris  ( -  g lu co se )
-T r is  + g lu cose  -  A .T .P .
JfeComplete c ren a tio n  
—— —► Time
C ren u locytos  is
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ze ro  ATP d is c o c y te s  and normal d is c o c y te s  have th e  same 
d e fo rm a b il ity  and a ls o  th a t  normal c e l l s  have th e  same 
d e fo rm a b il it y  a t  4°C and 37°C. They deduce from  th is  th a t 
ATP and en ergy  p rod u ction  a re  secondary to  c e l l  shape. I t  
does, how ever, seem to  s t i l l  be tru e  th a t  ATP must be in v o lv e d  
in  m aintainance o f  c e l l  shape f o r  any tim e; re s id u a l 
membrane ATP, o r  s p e c tr in  p h osp h ory la tion , may be re sp o n s ib le  
f o r  the d is c  shape e x is t in g  a t  z e ro  ATP f o r  a sh ort tim e.
The movement o f  s p e c tr in  complex under s p e c ia l 
c o n d it io n s  has been shown by Elgsaeter,Shotton<e Branston (1976).
-j] r jjy
Knowing th a t  low Ca o r  Mg a gg rega te  s p e c t r in ,  these 
ions were a p p lie d  t o  s p e c t r in  d ep lea te d , but n o t f r e e ,  red  
c e l l  gh os ts . Intramembrane p a r t ic le s  were seen to  
a gg rega te  under th ese  c ircu m stances, im p ly in g  th a t  the 
s p e c tr in  was a g g re g a t in g , and a ls o  th a t  th ese  intramembrane 
p ro te in s  were a tta ch ed  t o  th e  s p e c t r in .
Furtherm ore, Shotton  (1978) has dem onstrated th a t 
intramembrane p ro te in s  a re  r e s t r i c t e d  in  t h e i r  l a t e r a l  
m o b il i t y  by s p e c t r in ,  and Schekman and S in g e r  (1976) have 
shown th a t  concanavalin-A r e c e p to r  s i t e  p ro te in s  do tend 
t o  spon taneously  a gg rega te  under the in flu e n c e  o f  s p e c tr in , 
a lthough  th is  e f f e c t  i s  found o n ly  in  n eon a ta l mature 
red  c e l l s .
I t  i s  su ggested  th a t  s p e c tr in  is  a m ajor con tender 
f o r  th e  r o le  o f  th e  e la s t i c  component m entioned in  Chapter 
2, bu t is  somewhat more complex, d is p la y in g  en ergy  u t i l i s a t i o n
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c h a r a c t e r is t ic s  o f  i t s  own. I t  has been su ggested  th a t c e r ta in  
in t r in s ic  fa c to r s  found norm ally  in  the body may e f f e c t  the 
s p e c tr in  com plex. Allen & Rasmusen(l97l)has found th a t  a f a t t y  a c id  
hormone, p ro s ta g la n d in  E2 , causes a decrease in  red  c e l l  
d e fo rm a b il i t y ,  as shown by t h e i r  a b i l i t y  t o  pass through f in e  
f i l t e r s .  Th is  e f f e c t  reaches a maximum when th e  PGE2 is  used 
a t  a co n c en tra t io n  o f  10”" "^M.
Kury (1974) has found th a t  PGE'2 and PGE^ have 
opposing e f f e c t s  upon red  c e l l  r i g i d i t y ;  PGE2 in c re a s in g  i t
w h ile  d ecreases  i t .  These m olecu les a c t  a t  a co n cen tra tio n
o f  2 o r  3 m olecu les  o f  p ro s ta g la n d in  p e r  c e l l ,  determ ined by 
sp in  la b e l l in g ,  and th is  im p lie s  the p resence o f  membrane 
r e c e p to r  s i t e s .  He p o s tu la te s  th a t  the a c t io n  may be due to  
an e f f e c t  upon th e  adenyl c y c la s e  system in  th e  c e l l ,  
which a l t e r s  th e  c e l l  AMP le v e l s ,  and thus th e  degree o f  
p h osp h ory la tion  o f  the s t ru c tu ra l p r o te in s . The s tru c tu ra l 
p ro te in s  to  which he r e fe r s  may w e l l  be th e  s p e c t r in -a c t in  
com plex. The p o s s ib i l i t y  does e x is t  th a t  th e  red  c e l l
membrane is  not th e  o n ly  component which is  in v o lv e d  in  the
m echanical c h a r a c t e r is t ic s  o f  the c e l l ,  the in t e r i o r  may 
p la y  some p a r t  a ls o .
The red  c e l l  i n t e r i o r
S ince th e  mairure red  c e l l  is  an u c lea ted  and has 
no m achinery f o r  de novo p ro te in  s yn th es is , i t s  in t e r io r  is  
a lm ost s o le ly  concerned w ith  the c a r r ia g e  o f  haem oglobin .
The red  . c e l l  i s  thus o ft e n  thought o f  as a 'B a l lo o n 1,
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f i l l e d  w ith  haem oglobin s o lu t io n . I f  th is  were so , th is  
s o lu t io n  would d eve lop  an on tio tic  fo r c e  o f  0 .5 atmosphere 
(D in ten fa ss  1962). S ince th is  does not occu r, the haem oglobin 
must be in  some o th e r  form  than in  s o lu t io n . An a l t e r n a t iv e  
trea tm en t o f  b lo od  beh av iou r is  t o  co n s id e r  th e  red  c e l l s  
as a d is p e rs io n  o f  r i g i d  p a r t ic le s  in  the plasm a. However, 
the r e l a t i v e  v i s c o s i t y  o f  whole b lo od  a t  an h aem a tocr it o f  
100% has been measured a t  20 by D in ten fa ss , whereas the 
v i s c o s i t y  o f  a suspension o f  r i g i d  p a r t ic le s  would be thou­
sands b f :tim es la r g e r ;  t o  quote Dormandy, “ i t  would have the 
f lo w  c h a r a c t e r is t ic s  o f  a b r i c k . " .  D in ten fass  suggests  th a t  
the o n ly  p o s s ib le  exp la n  a t io n  f o r  t h is ,/ is  th a t  the in t e r i o r  
o f  th e  red  c e l l  i s  f lu id .  However, i f  the haem oglobin is  in  
s o lu t io n , n o t o n ly  would i t  e x e r t  a h igh  ofnB.otic p ressu re , 
but would have a r e la t i v e  v i s c o s i t y  o f  about 100,000. I f  the 
haem oglobin is  in  suspension , however, i t  shou ld  show a 
r e l a t i v e  v i s c o s i t y  o f  about 3. D in ten fass  fu r th e r  suggests  
th a t an a l t e r n a t iv e  ex p la n a tio n  f o r  the Fah raeu s-L in dqu is t 
e f f e c t  is  th a t  th e  red  c e l l  in t e r i o r  is  t h ix o t r o p ic .  In  
narrow bore  tubes the red  c e l l  is  sheared more than in  w ide 
bore ones, and th e  c e l ls ,b e in g  th ix o t r o p ic ,  e x h ib i t  a low ered  
v i s c o s i t y .  Th is  ev id en ce  p o in ts  towards a s e m ic ry s ta lin e  
suspension  o f  haem oglobin f i l l i n g  th e  c e l l .  I t  should be 
remembered th a t  th e  red  c e l l s  have n ever been shown t o  possess 
any in te r n a l  stroma o r  f i b r i l l a r  s tru c tu re  by l i g h t  o r  e le c t r o n  
m icroscopy, ( Baker, 1964) o r  by m an ipu la tion  experim ents 
( B u ll 1973).
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An a l t e r n a t iv e  su gges tion  is  th a t  th e  in t e r io r  
may e x is t  in  a g e l  phase. Naftalin.Seeman&Simmonds (1973) while 
in v e s t ig a t in g  a sugar dependent in c rea se  in  red  c e l l  
s t a b i l i t y ,  perform ed p roton  m agnetic resonance (P .M .R .) 
s tu d ies  on red  c e l l s  exposed t o  g lu co se , and co o le d  below  
25°C. During th is  drop in  tem perature the P.M .R. bands 
su ggest th a t  w a te r is  im m ob ilised  w ith in  th e  c e l l  by o rd e r ly  
la y e r in g  around th e  g lu cose  m o lecu les , thus e v e n tu a lly  
form ing a g e l .  Th is  im p lie s  by converse argument th a t  in  i t s  
normal s ta te  th e  in t e r io r  o f  th e  red  c e l l  i s  p rob ab ly  a so l'* 
o f  haem oglobin c r y s ta ls  o r  s e m ic ry s ta lin e  s tru c tu re s  in  a 
m a tr ix  o f  a s o lu t io n  o f  s a l t s .
I t  can thus be seen th a t  w h ile  the m echanical and 
b io lo g ic a l  v iew s o f  th e  red  c e l l  d i f f e r ,  th ey  compliment each 
o th er in  many re s p e c ts .  For in s tan ce  the m echanical v iew  has 
p re d ic te d  e l a s t i c  and v is cou s  elem ents in  the red  c e l l ,  
which the b io l o g i c a l  v iew  perhaps re cogn is es  as the s p e c tr in  
complex and th e  l i p i d  b i la y e r  r e s p e c t iv e ly .  However, w h ile  
the m echanical v iew  o f  th e  red  c e l l  is  n orm a lly  one o f  a 
p a ss iv e  body, th e  b io lo g ic a l  v iew  sees the c e l l  as a dynamic 
u n it  o f  l i v in g  t is s u e .
S ince the more g e n e r a l ly  h e ld  v iew  o f  low to  
medium shear s t r e s s  haem olysis in v o lv e s  th e  s t ic k in g  o f  red  
c e l l s  to  fo r e ig n  s u r fa c e s , ob serva tion s  on th e  b io lo g ic a l  
mechanisms in v o lv e d  may be o f  b e n e f i t .
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B e fo re  th e  mechanism o f  c e l l  adhesion  is
con s id ered , i t  must f i r s t  be d ec id ed  when a c e l l  i s  con s id ered
to  be adhering t o  a fo r e ig n  s u r fa c e . Drost-Hansen (1971) has
su ggested  w a te r m o lecu les  around red  c e l l s  assume an o rd ered
arrangem ent, th e  t o t a l  range o f  o rd e r in g  a s s o c ia te d  w ith  a
red  c e l l  b e in g  p o s s ib ly  as much as 4©, a lthough  s t r i c t
o rd e r in g , i . e .  s t r i c t  a lignm en t o f  the w a te r m o lecu les , *
would p rob ab ly  ex ten d  f o r  no more than a few  m o lecu la r
d iam eters . T h is  s tru c tu re d  w a te r la y e r  p rob a b ly  p la ys  some
r o le  in  the adhesion  o f  c e l l  t o  s u b s tra te s . C u rtis  (1964)
has deve lop ed  a tech n iqu e f o r  m easuring th e  d is ta n ce  between
c e l l s  and su b s tra te s  by r e f l e c t i o n  in te r fe r e n c e  m icroscopy.
Using ch ick  h e a r t  f ib r o b la s t s  he found th a t  when the c e l l s
were con s id ered  t o  be in  co n ta c t w ith  the g la s s ,  t h e i r
: o
c lo s e s t  approach was In  th e  o rd e r  o f  100 Al' He fu r th e r
b e l ie v e s  th a t  t h is  gap is  found in  l i f e .  The e x is te n c e  o f
th is  gap he a t t r ib u te s  t o  a b a la n c in g  o f  e l e c t r o s t a t i c
r e p u ls iv e  fo r c e s ,  and a t t r a c t iv e  London-Van d er Waals fo r c e s ,
between the c e l l  and th e  s u r fa c e . An a l t e r n a t iv e  ex p la n a tio n
may be th a t  th e  gap re p res en ts  some form o f  cement which
serves  to  cause th e  adhesion , W eiss (1971) has made a
th e o r e t ic a l  study o f  c e l l  adhesion  to  su rfa ces  and t o  o th e r
c e l l s ,  a n d ,, a lthou gh  a d m itt in g  a lm ost insurm ountable
shortcom ings in  h is  approach, p o in ts  out th a t  f o r  tru e
adhesion  to  occu r two bod ies  must approach each o th e r  t o  a 
o
c lo sen ess  o f  5 A o r  b e t t e r .  He a ls o  p o in ts  out th a t  in
A d h e s i o n  o f  c e l l s  t o  s u b s t r a t e s
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m icroscope exam inations th e  outerm ost p a r t  o f  th e  c e l l  
extends from the su rfa ce  form ed from  the ends o f  i t s  
fu n c t io n a l groups, f o r  in s tan ce  th e  t ip s  o f  th e  s i a l i c  a c id  
m olecu les in  red  c e l l s ,  ra th e r  than from the o u te r  su rfa ce  o f  
the l i p i d  b i la y e r .  Th is  may account f o r  some o f  th e  d i f fe r e n c e s  
between the in v e s t ig a t io n s  o f  C u rtis  and W eiss. W eiss a ls o  
suggests th a t  c e l l s ,  in  a p r o te in  f r e e  environm ent, may exude 
m icroexudates o f  p r o te in ,  some o f  which may a c t  as c e l lu la r  
1 g lu e ' .
George , Weed AReed (1971) have in v e s t ig a te d  red  c e l l  
adhesion t o  g la s s  su rfa ces  in  va r iou s  suspending media.
Using red  c e l l s  in  phosphate b u ffe r e d  s a lin e  (P B S ), he found 
th a t a l l  o f  th e c e l l s  in  h is  d i lu t e  suspension  adhered 
s t r o n g ly .  Fresh serum and plasma decreased  th is  b in d in g , bu t 
serum d id  so le s s  than plasm a. U sing serum and plasma h ea ted  
to  37°C f o r  e i t h e r  10 minutes o r  30 m inutes, i t  was found 
th a t th e  in c rea se  in  adhesion  in  serum o ve r  plasma was 
reduced, the adhesion  in  plasma rem ain ing u n a lte red . When 
serum and plasma were h ea ted  t o  60°C, adhesion  was m arkedly 
reduced in  bo th . The adhesion  o f  red  c e l l s  t o  g la s s  in  serum 
was v e r y  s e n s it iv e  t o  changes in  io n ic  s tre n g th  and pH, w h ile  
red  c e l l s  in  s a lin e  s t i l l  adhere 100% re g a rd le s s  o f  pH o r 
io n ic  s tre n g th . Th is  p o in ted  to  an e l e c t r o s t a t i c  in te r a c t io n  
b e in g  in v o lv e d  in  adhesion , a c t in g  v ia  some components o f  
serum and plasma. They in t e r p r e t  t h e i r  r e s u l t s ’ as meaning 
th a t both  serum and plasma con ta in  a h ea t l a b i l e  adhesion 
prom oting substance o r substances, and a h eat s ta b le  adhesion
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d im in ish in g  substance. They p o s tu la te  th a t  th e re  is  a g r e a te r  
amount o f  h eat l a b i l e  adhesion  prom oting substance in  serum 
than in  plasma, and su ggest th a t  a can d ida te  f o r  th is  r o le  
may be th e  f i b r in  monomers produced by the a c t io n  o f  thrombin 
on f ib r in o g e n  du ring c o a g u la tio n .
These r e s u lts  may appear to  thw art th e  concept o f
a c e l lu la r  'g lu e ' causing adhesion , as the c e l l s  in  PBS a lon e
adhere b e t t e r  than w ith  serum or- plasma p re s en t. However,
when a fo r e ig n  su r fa c e , such as g la s s , i s  p resen ted  to  whole
b lo od  i t  v e r y  r a p id ly ,  in  a few  seconds, becomes covered  in
a laye 'r o f  plasma p r o te in s , (Kochwa etaJ 1976) i t  may be th a t
adhesion  in  the presence o f  p ro te in s  is  q u a l i t a t i v e ly
d i f f e r e n t  from  th a t  in  PBS in  th a t  w ith  no p r o te in  c o a t, the
c e l l  can approach c lo s e ly  enough to  the g la s s  to  form s tron g
o
e le c t r o s t a t i c  l in k s ,  w h ile  w ith  a la y e r  o f ,  say , 100 A 
th ick n ess  p resen t th is  cannot be done, and a cement then 
m ediates the adhesion  p rocess .
In  th e  absence o f  plasma o r serum, how then may 
c e l l s  a tta ch  to  fo r e ig n  su rfa ces?  Jones (1966) has su ggested  
th a t  an ATP dependent c o n t r a c t i le  c y to s k e le to n  may a f f e c t  
adhesion  by 'w r in k lin g *  o r  f la t t e n in g  the su r fa c e  o f  th e  c e l l ,  
thus causing a g r e a te r  o r  le s s e r  area  to  be a v a i la b le  f o r  
su rfa ce  in te r a c t io n .  Th is  work, however, was perform ed upon 
ch ick  embryo c e l l s  which ape m o t ile ,  and may not be a p p lic a b le  
t o  red  c e l l s .  A s tra ig h t fo rw a rd  London-Van de Waals / 
e l e c t r o s t a t i c  in te r a c t io n  does seem more l i k e l y  in  th is  case . 
T h is  id ea , however, does h ig h l ig h t  two p o s s ib le ,a n d  not
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n e c e s s a r i ly  e x c lu s iv e ,  forms o f  adhesion , re ferred  to  by 
Rees e t  a l  (1977) as 'g r i p '  and 's t i c k ' .  G rip  is  adhesion  
m ediated  by th e  c e l l  c y to s k e le to n , and s u s c e p t ib le  to  
changes in  ATP le v e ls  f o r  in stan ce?  w h ile  s t i c k  is  a s so c ia ted  
w ith  normal p h y s ic a l changes.
Whereas G eorge, Weed and Reed (1971) a p p lie d  
fo r c e s  t o  the red  c e l l  a tta ch ed  t o  g la s s  in  a d ir e c t io n  
p e rp en d icu la r  t o  the g la s s  s u r fa c e , Mohandas e t  a l  (1974) 
s tu d ied  th e  e f f e c t s  o f  sh earin g  fo r c e s  upon adhering c e l l s .
Mohctndfis a llow ed  red  c e l l s  t o  adhere t o  a c i r c u la r  d is c  which was 
then ro ta te d  in  a s a l in e  bath . They found th a t  th e re  appeared 
to  be a c r i t i c a l  shear fo r c e ,  in  th e  o rd er  ok 10 dynes/cm2 , 
which would detach  c e l l s  stuck t o  a c lea n  plasma f r e e  g la ss  
s u r fa c e . T h is  fo r c e  is  an o rd e r  o f  magnitude le s s  than the 
maximum c e n t r i fu g a l  fo r c e  used by G eorge, Weed and Reed 
which would not detach  red  c e l l s .  The reason  f o r  th is  
d isc rep an cy  is  n o t c le a r ,  a lthough  a sh ea rin g  fo r c e ,  as 
su ggested  by Mohandas, may a c t  o n ly  upon the c ir c u m fe r e n t ia l 
attachm ent s i t e s  o f  a red  c e l l ,  whereas the p e rp en d icu la r  
fo r c e  may a c t  upon the whole a tta ch ed  su r fa c e , An a l t e r n a t iv e  
exp la n a tio n  may be th a t  the sh ea rin g  fo r c e  tends to  'p e e l '  
th e  red  c e l l  o f f  th e  s u r fa c e , as opposed t o  p u l l in g  i t  
p e rp e n d ic u la r ly  o f f  as would happen du ring a p e rp en d icu la r  
rem ova l. In  th e  form er ca se , le s s  attachm ent s i t e s  would 
have t o  be broken p e r  u n it  tim e than in  the l a t t e r .  Mohandas 
a ls o  found th a t  serum and plasma reduced c e l l  adhesion , and 
a ls o  th a t  c e l l  adhesion  appeared t o  be r e la t e d  t o  the
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c r i t i c a l  su rfa ce  ten s io n  o f  the m a te r ia l to  which the c e l l s  
adhere. I f  the c r i t i c a l  su r fa c e  ten s io n  is  p lo t t e d  a ga in s t 
the c r i t i c a l  detachment shear s t r e s s ,  f o r  th e  fo u r  m a te r ia ls  
•stud ied  by Mohandas, a s t r a ig h t  l in e  occu rs . When th is  l in e  
is  e x tra p o la te d  i t  passes through the o r ig in ,  i . e .  a t  ze ro  
su rfa ce  ten s io n  the red  c e l l s  shou ld not adhere. Th is may be 
due to  th e  c e l l ' s  in a b i l i t y  t o  a tta ch  to  th e  su r fa c e  d i r e c t l y  
o r , a l t e r n a t i v e ly ,  i t  may be due t o  the p o s tu la te d  cem ent's 
i n a b i l i t y  to  s t ic k  t o  the su r fa c e .
Kowalczynska (1977) has a ls o  in v e s t ig a te d  the a c t io n  
o f  red  c e l l  adhesion  to  g la s s  su r fa c e s , by a l lo w in g  d i lu t e  
suspensions o f  red  c e l l s  in  s a l in e ,  and d i lu t e  red  c e l l  
suspensions in  d i lu t e  serum, to  f lo w  down columns o f  g la s s  
beads. The adhesion  dynamics o f  the red  c e l l s  d i f f e r  in  the 
two ca ses . W ith serum in  the suspension medium th e  amount 
o f  adhesion  o f  red  c e l l s  was r e la t e d  to  the v e l o c i t y  w ith  
which the c e l l s  passed through the beads, bu t w ith  serum 
absent th e  amount o f  adhesion  was dependent upon flo w  
v e l o c i t y  and c e l l  c o n c en tra t io n . T h is , Kowalczynska 
p o s tu la te s , may be due t o  a q u a l i t a t iv e  d i f f e r e n c e  in  b in d in g  
s i t e s  on the g la s s  beads. In  the case o f  raw g la s s ,p r im a ry  
b in d in g  s i t e s  on th e  g la s s  may be im portan t, whereas w ith  
serum p resen t, th e  g la s s  beads w i l l  become co ve red  in  serum 
c o n s t itu e n ts , m a in ly  p r o te in s ,  which may o f f e r  d i f f e r e n t  
's e con d a ry ' s i t e s .
I f  a c e l lu la r  cement does e x is t ,  i t s  nature is  y e t  
to  be e lu c id a te d . I t  has been su ggested  by some authors th a t
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f ib r in o g e n  may f u l f i l l  th is  r o le ,  but another in te r e s t in g  
p o s s ib i l i t y  has r e c e n t ly  become apparent. Th is  i s  the 
in vo lvem en t o f  th e  g ly c o p ro te in  f ib r o n e c t in .  F ib ro n e c t in  
occurs p rob ab ly  in  two form s, th a t  a s s o c ia ted  w ith  c e l l  
s u r fa c e s , and th a t  found f r e e  in  the plasma. T h is  l a t t e r  
v a r ie t y  is  a ls o  known as c o ld  in s o lu b le  g lo b u lin .  F ib ro n ec tin s  
are h e a v i ly  im p lic a te d  in  the adhesion  o f  va r io u s  c e l l  types  
to  su r fa c e s , f o r  in s ta n ce , f ib r o b la s ts  and baby hamster 
k idney c e l l s  a re  found t o  adhere t o  su bstra ta  much more 
r e a d i ly  when f ib r o n e c t in  is  p resen t. I t  a ls o  has been shown 
th a t  plasma f ib r o n e c t in  w i l l  adhere t o  the su r fa c e  o f  
g lu ta ra ld e h y d e - f ix e d  red  c e l l s  ( YamadaftOlden 1978). S ince the 
main fu n c t io n  o f  f ib r o n e c t in  appears to  be a d h es ive , and i t  
is  o ft e n  found complexed w ith  f ib r in o g e n , th is  substance 
appears to  be a l i k e l y  can d ida te  f o r  the r o le  o f  any cem enting 
substance in v o lv e d  in  red  c e l l  adhesion to  fo r e ig n  s u r fa c e s .
Apart from  the adhesion o f  c e l l s  t o  su b s tra te s , 
the adhesion  o f  plasma p ro te in s  t o  su b stra tes  i s  a ls o  o f  
im portance in  b lo od  damage in  ECC, and th is  w i l l  be b r i e f l y  
d iscu ssed .
A dsorp tion  o f  plasma p ro te in s  to  fo r e ig n  su r fa c e s .
A v a s t  amount o f  work has been com pleted  upon th is  
s u b je c t , a f u l l  d iscu ss ion  o f  which is  o u ts id e  the scope o f  
th is  work. A b r i e f  d iscu ss ion  o f  the p o in ts  s a l ie n t  to  red  
c e l l  adhesion  and damage is  p resen ted  however.
F i r s t l y ,  what e f f e c t s  does e x tra  c o rp o re a l •'
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c ir c u la t io n  (ECC) have upon plasma p ro te in s?  W righ t (1962) 
found th a t  a f t e r  running plasma through c i r c u i t s  o f  membrane 
and screen  oxygen a to rs , th e re  was a s l i g h t  d i f f e r e n c e  in  
plasma v is c o s i t y ,  t u r b id i t y  and p r o te in  e le c t r o p h o r e t ic  
m o b i l i t y .  I f  he then r e in je c t e d  th is  plasma in to  an anim al, 
he found th a t  a r e a c t io n  occurred, p r in c ip a l ly  th e  onset o f  
oedema. Th is  g iv e s  some c lu e  th a t  plasma p ro te in s  may be 
a l t e r e d  by ECC. Park er (1972) found th a t  du rin g  ECC w ith  a 
bubble oxygen a to r, serum complement le v e ls  dropped to  a 
va lu e  o f  60% o f  th e  p r e o p e ra t iv e  l e v e ls ,  and th a t  immuno­
g lo b u lin  l e v e ls  a ls o  dropped, which may be r e la t e d  to  the 
drop in  complement l e v e l s .  I t  seems th a t  ECC may have a 
d e tr im en ta l e f f e c t  upon plasma p r o te in s , but a p o in t  more 
s a l ie n t  to  the haem olysis  found in  ECC is  th e  e f f e c t  p ro te in s  
have upon the ECC. lam pert and W illiam s (1973) in v e s t ig a te d  
the e f f e c t s  o f  c a p i l l a r i e s  o f  va r iou s  m a te r ia ls  on th e  
haem olysis caused t o  b lo od  f lo w in g  through them. They took  
scanning e le c t r o n  m icrographs o f  th e  su rfaces  o f  the c a p i l l a r i e s  
b e fo r e  and a f t e r  exposure t o  b lo od . A f t e r  a run the  su rfa ces  
were covered  in  a co a t o f  presumably p r o te in ,  but the 
geom etry o f  th is  su rfa ce  c o a t had no d ir e c t  r e la t io n  t o  the 
ra te  o f  haem olysis  observed . They concluded th a t  the change 
in  r a te  o f  haem olysis was p rob ab ly  due to  s u b t le  v a r ia t io n s  
in  the p ro te in  c o a t .  U sing tubes o f  va r iou s  m a te r ia ls  th ey  
found th a t  p ro te in s  tended t o  be la id  down upon l in e s  o f  
supposed ly h igh  en ergy , i . e .  e x tru s io n  l in e s  in  the m a te r ia l.
I f  th is  is  so, what param eters e f f e c t  the d e p o s it io n  o f
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p ro te in s  onto fo r e ig n  s u r fa c e s , and why do th ey  do th is
anyway? I t  has been shown th a t  when fo r e ig n  su rfa c es  a re
exposed t o  b lo o d , th e  i n i t i a l  even t occurring i s  the a d so rp tion
o f  .va riou s p ro te in s  onto th e  su r fa c e , ta k in g  a m atter o f
seconds (B a ir  and W allace  1971). Th is  a d so rp tion  appears to
be n ecessary  b e fo r e  any o th e r  b lo od  components can adhere.
Th is la y e r  has been in v e s t ig a te d  by s e v e ra l techn iqu es
in c lu d in g  e l l ip io m e t r y  (Cuypers 1976), which puts the f i lm  
o
th ick n ess  a t  50A app rox im a te ly  a t  in i t i a . l  exposu re, and up 
o
to  100A a f t e r  a m inute. The sp ec tra  ob ta in ed  show th e re  t o  
be a m a jo r ity  o f  random p ro te in  chains and c?C h e l ic e s ,  but no 
extended  p  p l e a t s . The i n i t i a l  p ro te in s  to  be l a id  down 
appear t o  be f ib r in o g e n  and perhaps albumen. Vroman and 
K lin g s  (1971) in v e s t ig a t e d  the in te r a c t io n  o f  th e  va riou s  
p ro te in s  w ith  one another by absorb in g e i t h e r  gam maglobulin, 
albumen o r  f ib r in o g e n  on to  ox id i.sed  s i l i c o n  c r y s t a l  s l i c e s  
and then expos in g  each t o  th e  o th ers  and whole serum.
Albumen la y e rs  ga in ed  th ick n ess  when exposed t o  a l l  the 
s o lu t io n s  and plasm a, g lo b u lin  f i lm s  lo s t  th ick n ess  on 
exposure to  albumen but ga in ed  i t  on exposure t o  f ib r in o g e n  
and serum. F ib r in og en  f i lm s  l o s t  th ick n ess  on exposure t o  a l l  
o f  th e  s o lu t io n s . These r e s u lts  su ggest th a t  p r o te in s ,  once 
absorbed, a re  n o t s t a t i c  in  n atu re , but form a dynamic f i lm  
exchanging w ith  th e  plasma.
In  summary, th e  problems o f  b lood  damage in  e x tra  
c o rp o re a l c i r c u la t io n  span many d is c ip l in e s ,  in c lu d in g  
rh e o lo g y , s t r e s s  a n a ly s is ,  adhesion , membrane p h y s io lo g y
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and hom eostasis . W hile th ese  problems appear t o  be o f  an 
a p p lie d  nature th ey  pose fundamental problems in  a l l  o f  the 
m entioned d is c ip l in e s .  However, some qu estion s remain t o  be 
answered by someone not n e c e s s a r i ly  au f a i t  w ith  the most 
advanced s o p h is t ic a t io n s  in  each f i e l d .  These in c lu de  
e lu c id a t io n  o f  th e  form o f  th e  p ro te in  f i lm  absorbed during 
b lood  c o n ta c t, and i t s  e f f e c t  upon haem olysis in  r ig .o x o u s ly  
c o n t r o l le d  c o n d it io n s , e s p e c ia l ly  w ith  r e la t io n  to  tim e 
passage and shear s t r e s s .  Work is  re q u ired  on th e  mode o f  
attachment' o f  red  c e l l s  t o  s u r fa c e s , and a ls o  the e f f e c t s  o f  
v a r ia t io n s  in  the te x tu re  o f  fo r e ig n  su rfa ces  upon red  c e l l  
damage.
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MODIFICATIONS AND CALIBRATIONS OF VISCOMETERS
In  o rd e r  t o  in v e s t ig a t e  the e f f e c t s  o f  f lu id  
sh ea rin g  upon b lo od , some means o f  producing a c o n t r o l le d  
shear f i e l d  in  the b lo od  is  n ecessary .
An apparatus commonly used to  a ch ieve  th is  f i e l d  
is  the c o n e -p la te  v is c o m e te r . Th is  machine c o n s is ts  o f  a 
f in e l y  en g in eered  cone o f  a sm all ang le  (oO from  a f l a t  d is c ,  
w ith  the t i p  o f  the cone ju s t  tou ch in g  a f l a t  p la t e .  The 
space between the cone fa c e  and p la t e  is  f i l l e d  w ith  a t e s t  
f lu id  and th e  cone tu rned  w ith  a h igh  q u a l i t y  m otor. The 
cone may be f i t t e d  w ith  a d e v ic e  t o  measure th e  f lu id  drag 
on the cone, o r  a l t e r n a t iv e ly  -the p la te  can be f i t t e d  w ith  
a d e v ic e  t o  measure th e  torqu e tra n sm itted  through the  f lu id .  
From the va lu e  thus ob ta in ed , the v i s c o s i t y  o f  the t e s t  
f lu id  can be c a lc u la te d .
The geom etry o f  the c o n e -p la te  v is com e te r  y ie ld s  a 
con stan t shear r a te  a t  any p o in t  in  the t e s t  f lu id  v i z :  
du .Wc
dy tanc< where Wc is  th e  angu lar v e l o c i t y  o f  the cone.
The shear s t r e s s  r t ) a t  any p o in t  in  the t e s t  f lu id  is  g iv en
bY V =  du
* ■  dy whereyu^ is  th e  apparent v i s c o s i t y  o f  the
f lu id .  Th is geom etry is  id e a l  f o r  use w ith  b lo o d , as b lo od  
is  a non-Newtonian f lu id  and e x h ib its  a non l in e a r  r e la t io n ­
sh ip  between shear r a te  and shear s t r e s s .  I f  th e  v is com ete r
C H A P T E R  4
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had a f l a t  p la t e  in s tea d  o f  a cone, the shear ra te  and thus 
the shear s t r e s s  in  th e  b lo od  would va ry  w ith  the p la te  
ra d iu s .
Because o f  a v a i l a b i l i t y ,  a v is com e te r  manufactured 
in  the departm ent o f  M echan ical E n g in eer in g , U n iv e r s ity  o f  
Surrey was used (H o lte r  1973 M .S c . ) .  In  th is  machine, the 
torque tra n sm itted  through the t e s t  f lu id  is  measured by the 
movement o f  a b a l l  bearing-m ounted p la te  a g a in s t  a sp r in g . 
P i l o t  experim ents perform ed w ith  th is  machine showed the 
sp r in g  employed t o  be in a p p ro p r ia te , and th is  was rep la ced  
w ith  an e lec trom agn et a c t in g  upon a permanent magnet bonded 
in to  th e  p la t e .  Th is  produced an e le c tro m a gn e tic  re p u ls io n  
between the two magnets which cou ld  be v a r ie d  by v a ry in g  the 
cu rren t su p p lied  t o  th e  e lec trom agn et. (FIG . 4s1 ) .  Fu rth er 
p i l o t  experim ents showed th a t  the cone and p la t e  were not 
c o a x ia l and r e s u lts  were not rep rod u cab le . A com m ercial cone 
-p la t e  v is c o m e te r  was thus sought.
M o d if ic a t io n  and c a l ib r a t io n  o f  comm ercial v is c o m e te r .
A standard  F e r ra n t i S h ir le y  c o n e -p la te  v is com ete r  
was ob ta in ed . Th is  c o n s is ts  o f  a s tu rd y  s t ru c tu ra l 
s e c t io n  w ith  the cone and p la te  h e ld  in  i t .  The cone is  
d r iv en  by a synchronous m otor v ia  a gearbox and a torqu e 
measuring d e v ic e  w ith  an e l e c t r i c a l  s ig n a l ou tpu t. The p la te  
is  h e ld  on a ra ck in g  system  coup led  w ith  a m icrom eter 
a d ju s te r . Th is  a llow s  th e  p la te  t o  be brought ju s t  in to  
co n ta c t w ith  th e  cone t i p  by use o f  the m icrom eter, and then
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F i g .  4 : 1 . M o d i f i e d  v i s c o m e t e r  p l a t e .
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in je c t io n .  The p la t e  can then be re tu rn ed  to  th e  cone on the
•f 1ra ck in g  system t o  an accu racy o f  ~  '^ q ' q q ' in ch . The p la te
con ta in s  a la b y r in th  o f  channels through which s i l ic o n e  o i l
can be pumped from  a h ea tin g  bath  to  m ain ta in  tem perature
c o n t r o l .  The e l e c t r i c a l  s ig n a l from  the to rqu e  tran sdu cer is
fe d  t o  a D.C. a m p li f ie r  and thence to  a moving c o i l  d is p la y
u n it .  Th is  u n it  can a ls o  be s e t  t o  read  th e angu lar v e l o c i t y
o f  th e  cone. The detach ab le  s t e e l  cones su p p lied  are o f
an g le  1 ° and d iam eter 6 cm. I t  was seen th a t  a maximum
sample volume o f  0.5 ml was p o s s ib le  w ith  th is  d e v ic e , and
s in ce  la r g e r  volumes were en v isaged  f o r  t e s t  runs, a new
cone had to  be manufactured. S in ce  i t  was planned th a t  perspex
p la te s  would be used f o r  reasons o f  cheapness, h igh  su rfa ce
en ergy o f  th e  m a te r ia l and easy  h an d lin g , a perspex  cone was
re q u ired  so as t o  encase the b lo o d  in  one typ e  o f  m a te r ia l
o n ly . S in ce  perspex  by i t s e l f  i s  not r i g i d  enough f o r  th is
a p p lic a t io n , the cone was manufactured from  1D u ra l ',  w ith
a perspex  fa c e  g lu ed  t o  i t  and machined t o  an angtie o f  1 °.
Th is  was th e  sm a lle s t  an g le  p o s s ib le  w ith  the machining
equipment a v a i la b le .  W ith a cone d iam eter o f  11 cm, the
sample volume was 8 m l. The edge o f  the cone was cu t back
to  an an g le  o f  40° from  the v e r t i c a l  t o  p reven t b lo od
c re ep in g  up the s id e  o f  the cone. The su r fa c e  o f  the cone
1was then p o lis h e d  w ith  ^  / • '  H yp rez1 lap p in g  compound to  
reduce su rfa ce  roughness.
The p la te s  used were 13 cm square p ie c e s  o f  perspex
t a k e n  a w a y  f r o m  t h e  p l a t e  b y  t h e  r a c k i n g  s y s t e m  f o r  s a m p l e
cu t from s e v e ra l s im i la r  sh eets  o f  3 mm th ic k  standard 
perspex . Th is  pro c e dure was n ecessary  t o  m ain tain  
co n fo rm ity  between th e  la rg e  number o f  p la te s  re q u ire d . Th is  
number was n ecessary  f o r  two reason s, f i r s t l y  a su rfa ce  
p r e v io u s ly  in  c o n ta c t  w ith  b lo od  behaves in  a d i f f e r e n t  way 
t o  subsequent c o n ta c t  w ith  b lo o d  than does a v i r g in  su rface  
(Davey 1974), and secon d ly  th e  p la te s  had t o  be cu t up a f t e r  
each run f o r  th e  purposes o f  scanning e le c t r o n  m icroscopy.
The p la te s  were stu ck  to  the f ix e d  s t e e l  p la t e  o f  th e  
v is c o m e te r  by Dow Corn ing S i l a s t i c  a d h es ive . Upon u sing th is  
arrangem ent, i t  was found th a t  b lo od  was lo s t  from  around th e  
p e r ip h e ry  o f  the cone and so a 11.5 cm d iam eter guard r in g  
o f  perspex  was stuck  t o  the p la t e s ,  aga in  w ith  Dow Corn ing 
S i l a s t i c  a d h es ive . The n e c e s s ity  t o  a llo w  the adh es ive  to  
d ry  between each run was l a t e r  found t o  take a p r o h ib i t i v e ly  
lon g  tim e . A m o d ifie d  arrangement was used c o n s is t in g  o f  a 
3 mm th ic k  p la t e  stuck  t o  th e  v is c o m e te r 's  p la t e  ta b le  w ith  
s i l a s t i c .  The p la te  had a h o le  a t  each co rn er  t o  take a 
b o l t  and w ing nut. The guard r in g  was re p la c e d  by another 
3 mm th ic k  p la t e ,  a ga in  w ith  a h o le  a t  each co rn e r , and an 
11.5 cm h o le  bored  ou t o f  th e  c e n tre . Th is  top  p la te  had a 
c i r c u la r  groove  cu t around th e  cen tre  h o le ,  on i t s  low er 
su r fa c e , t o  take a rubber O -r in g . The t e s t  p la t e  was then 
sandwiched between th e  two mounting p la te s  and th e  w ing nuts 
t ig h te n e d  down. Th is  arrangem ent was s a t is fa c t o r y  f o r  the 
experim ents perform ed . The bottom  p la te  was o n ly  3 mm th ic k  
to  a llo w  ad .quate h ea t t r a n s fe r  from the hea ted  ta b le  below.
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A t the same tim e a new cone was manufactured w ith  v e r t i c a l  
s id e s  t o  m in im ise th e  amount o f  b lood  which cou ld  be trapped  
between th e  cone p e r ip h e ry  and th e  guard p la t e .  The cone t i p  
to  p la t e  d is ta n ce  was s e t  by r e p la c in g  th e  com plete 0 -r in g  
w ith  an in com p lete  one so th a t  a l|- thou, inch  f e e l e r  gauge 
cou ld  be in s e r te d  between the cone t i p  and th e  p la t e .
The m icrom eter system  was then s e t  so the gauge was ju s t  
g r ip p ed . Thus a cone t i p  to  p la te  d is ta n ce  o f  0.04 mm was s e t  
(F ig .  4 :2 ) .
Two a c c e s s o r ie s  were m anufactured f o r  th e  apparatus 
F i r s t l y ,  so th a t  experim ents cou ld  be c a r r ie d  out in  
atmospheres o f  va r iou s  gases , a perspex  box was made which 
t o t a l l y  en ve loped  the cone and p la t e  p o r t io n  o f  th e  machine. 
Th is  had an in l e t  t o  take a 6 mm p la s t ic  p ip e  which was 
connected  v ia  a Rotam eter gas f lo w  measuring d e v ic e  t o  a gas 
b o t t l e .  Two 2 .5  cm d iam eter h o le s  were bored  in to  th e  top  o f  
the box t o  m ain ta in  th e  in te rn a l p ressu re  a t  a tm ospheric .
The second a ccesso ry  was a d e v ic e  t o  measure the 
h y d ro s ta t ic  p ressu re  on the p la t e  a lon g  a l in e  from  the cone 
t i p  t o  th e  guard p la t e .  (F ig .  4 :3 ) .  Th is  c o n s is te d  o f  a 6 mm 
th ic k , 13 cm square perspex  b lo c k , w ith  1 mm d iam eter •* 
v e r t i c a l  h o les  d r i l l e d  a t  4 mm in te r v a ls  in  a l in e  across 
th e  b lo c k  to  a depth o f  3 mm. These h o les  were met by 3mm 
d iam eter h o les  d r i l l e d  h o r iz o n ta l ly  in to  th e  s id e  o f  the 
b lo ck , so th a t  each s e t  o f  h o les  remained s ep a ra te . Each o f  
th e  3mm h o le s  was then connected  v ia  P .V .C . tu b in g  t o  a 
g la s s  manometer. During a run th e  p ressu re  b lo c k  was used in
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F ig .  4 :2 . M o d ified  F e r ra n t i S h ir le y  cone & p la te  v is c o m e te r .
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F i g .  4 : 3 . P r e s s u r e  s e n s i n g  p l a t e .
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p la ce  o f  a co n v en tio n a l p la te  and the manometers f i l l e d  w ith  
s a l in e .  During an experim en t th e  s a lin e  l e v e l  in  the 
monometers was photographed f o r  re co rd .
C a lib r a t io n  o f  v is c o m e te r ; A ngu lar speed o f  cone.
I t  was thought n ecessa ry  to  f i r s t  measure the * .
a c tu a l speed o f  the cone and f in d  the e r r o r  o f  the speed
read in g  m eter o f  th e  v is c o m e te r , s in ce  th e  cone used was riot
standard . T h is  was done by marking the m otor sp in d le  w ith  a
w h ite  l in e ,  and then measuring th e  speed o f  r o t a t io n  w ith  a
s trob e  l i g h t .  The cone speed was then determ ined  by
d isassem b lin g  the gearbox  and d e r iv in g  th e  red u c tion  r a t io
by to o th  cou n tin g  o f  th e  c o g s . An agreem ent between the
s trob e  measurement o f  cone speed and th a t  read  on the d ia l  
+ 1o f  b e t t e r  than -  7? % was found. The r e s u lts  a re  shown 
g r a p h ic a l ly  in  F ig .  4 :4 . S ince th e  speed o f  th e  cone (W) is  
known, and a ls o  the an g le  o f  th e  cone (oO , th e  shear ra te  
deve lop ed  in  the v is c o m e te r  i s  ob ta in ed  from
0 § 1 g S-p  = or s h e a r  rate = otilTB
S in ce , f o r  a un iform  lam inar flo w  in  a Newtonian 
f lu id  th e  shear s t r e s s  in  th e  f lu id  is  g iv en  by Hu - ^  / 
and s in ce  in  th is  v is c o m e te r  the torqu e tra n sm itted  readou t 
is  a fu n c t io n  o f  th e  v i s c o s i t y  o f  the t e s t  f l u id ,  the shear 
s tre s s  on the b lo od  can be ob ta in ed . To ob ta in  th e  v i s c o s i t y  
the machine has t o  be c a l ib r a te d  u sing f lu id s  o f  known 
v i s c o s i t i e s ,  and f o r  th is  purpose, g ly c e ro l/ w a te r  m ixtures
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F ig . 4 :4 . S trobe s e t  motor sp in d le  speeds versus S e t t in g  
f o r  the F e r ra n t i S h ir le y  v is c o m e te r .
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were used, the v i s c o s i t i e s  o f  which were known from  standard 
t a b le s .
I f  the cone is  ro ta te d  a t  a s e r ie s  o f  speeds w ith  
a f lu id  o f  known v is c o s i t y  in  the machine, and the torque 
readou t f o r  each speed p lo t t e d  a g a in s t the cone speed, a 
s t r a ig h t  l in e  w ith  a s lop e  o f  some fu n c t ion  o f s h o u l d  
r e s u lt ,  s in ce  the torqu e tra n sm itted  i s  g iv e n  by , a
s t r a ig h t  l in e  o f  s lo p e  should r e s u l t .  I f  th is  is
rep ea ted  f o r  a range o f  known v i s c o s i t i e s  o f  g ly c e r o l  and 
w a te r, a c a l ib r a t io n  curve shou ld r e s u lt .  Th is method o f  
c a l ib r a t io n  was c a r r ie d  out in  d u p lic a te  and th e  r e s u lts  
p resen ted  in  Tab les  4 :1  and 4 :2 .
.The g ra d ien ts  ob ta in ed  were then p lo t t e d  a g a in s t 
the known v is c o s i t i e s  used f o r  each c a l ib r a t io n ,  and thus 
two l in e s  g r a p h ic a l ly  averaged  to  g iv e  a v i s c o s i t y  c a l ib r a t io n  
cu rve . (F ig .  4 :5 ) .
The average p ercen t d isc rep an cy  between the p o in ts  
com pris ing the two c a l ib r a t io n  curves was 3.9 %  which was 
regarded  as b e in g  accu ra te  f o r  th e  experim ents en v isaged .
Th is d isc rep an cy  may be p a r t ly  due to  exp erim en ta l e r r o r  in  
making up o f  the s o lu t io n s  o f  known v is c o s i t y ,  bu t most 
p rob ab ly  a la rg e  p a r t  o f  th is  would be due t o  th e  v is com ete r  
fu n c t io n in g  w ith  a cone and p la te  f o r  which i t  was not 
des ign ed .
To measure the apparent v i s c o s i t y  o f  a sample o f  
b lood , th e  torqu e readou t o f  th e  v is com ete r  i s  read  a t  
va r io u s  speed s e t t in g s  o f  th e  cone and one p lo t t e d  a ga in s t
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c a l ib r a t io n  curve t o  g iv e  the apparent v i s c o s i t y  read ing..
To fu r th e r  t e s t  th e  accuracy o f  th is  graph, new
g ly c e ro l/ w a te r  s o lu t io n s  were made up and t e s t e d  by the
method d es c r ib e d . The r e s u lts  a re  p resen ted  in  T ab le  4 :3 .
+During fu r th e r  experim ents an e r r o r  o f  -  5 % was found to  
be norm al.
To check th e  tem perature s t a b i l i t y  o f  the p la t e ,  
the p la t e  and guard r in g  were f i t t e d  w ith ou t th e  cone, and 
the p la t e  immersed in  ta p  w a te r . A mercury thermometer 
(0 -  50°C) was then  p la ced  in  the w ater' and th e  h ea te r  in  
the o i l  bath  sw itch ed  on to  37°C. The w ater a ch ieved  a 
tem perature o f  about 35°C. The w a ter bath  was rea jd u s ted  t o  
39°C and the  w a ter on the p la t e  a ch ieved  a tem perature o f  
37°C A l l  experim ents were c a r r ie d  out a t  th is  tem peratu re. 
The p ersp ex  p la t e  was f i t t e d  t o  the v is com ete r  and the 
h ea te r  sw itched  on 30 minutes b e fo r e  each run t o  a llo w  the  
tem perature to  be reached .
t h e  o t h e r .  T h e  s l o p e  o f  t h i s  l i n e  i s  t h e n  r e a d  o f f  t h e
13 0
V is c o s i t ie s  o f  g ly c e r o l-w a te r  s o lu t io n s  as 
measured by th e  F e r r a n t i -  S h ir le y  v is com e te r .
V is c o s i t y  Reading 1 Reading 2 A verage % e r r o r
made up (morning) (a fte rn o o n )
2.318 2.38 2.72 2.50 -+ 7.2
2.318 2.45 2.83 2.60 + 10
4.165 3.78 4.09 3.95 + 5.2
4.165 3.81 4.05 3.98 -  4 .4
4.571 4.22 4.42 4.40 -  3.74
4.571 4.52 4.33 4*50 -  1.55
T A B L E  4 : 3
CHAPTER 5
'•-..I 1 3 1
7.'.QXYGENATION OF BLOOD IN  A CONE AND PLATE VISCOMETER.
S eve ra l p re lim in a ry  runs were perform ed w ith  th e  m od ified
vY 'F ie rran ti S h ir le y  v is com ete r  d escr ib ed .• V * 4J
" : j  Fresh bovine b lo od  was c o l le c t e d  from the ju g u la r  v e in
- / jV-. .. ojf c a t t l e  during s la u gh te r , and a n ticoa gu la ted  w ith  A.C.D.
( (C it r ic  a c id  1.9 g . : T r i  Sodium c i t r a t e  5.72 g . : g lu cose  6 .3 7 g .)
■ ■ Y  7'iiyY ;.i
7 H a lf  o f  th is  b lood  was used on the day o f  c o l le c t io n  and the
; 7-7' -remainder s to red  a t  4°C in  g la s s  b o t t le s  f o r  the fo l lo w in g  d a y 's ;
k 3 Y  Y.
L k.v33’ - 7  experim en ts . Bovine b lood  was nsed  in  p re fe ren ce  t o  human as some
j . i\ |
| 7 2 00 ml o f  b lood  was used d a i ly ,  and th is  q u a n tity  o f  fr e s h  human
17 I. ■
( b lo od  was not a v a i la b le .  A .C .D . was used as an a n ticoa gu la n t as
j
1 7  ;:. '.'; i t  was found to  be le a s t  damaging to  red  c e l l  gross  morphology -
j / . aq seen under the m icroscope. (Com parative data f o r  human & bov in e
7 ' • 7 b lo od  are shown in  Appendix B p 248a).
r  7 7-
i .. ! The v iscom eter o i l  bath  h ea te r  and pump were sw itched  on
)■ / 7; 7- j  30 minutes p r io r  to  an experim ent to  a llow  a s ta b le  p la te  tem perature
' v 7 to  be a tta in e d . 8 ml o f  A .C .D . b lood  were taken up in  a G i l l e t t e
r'W ’Y  -,v i : . c • • .
j :.V.y3 s y r in g e  and p laced  in  th e  m iddle o f  a fr e s h  perspex p la t e .  The
I 7 -/ p la te s  were p re v io u s ly  washed in  d e te rg en t, r in s ed  and soaked in
1 d i s t i l l e d  w ater o v e rn ig h t . The p la te  was then moved to  w ith in
jl- A . '  I  % i  .s. '• . ] . ■
7fv B A ; v ' '9 A °3  tnm o f  the cone t i p  using the rack ing  mechanism. The cone,-.:
4 . : •
J 7 :X " '7/was turned s lo w ly  by hand f o r  fo u r  to  f i v e  r e v o lu t io n s , as i t
jv jv.;7 Y3'was . f°und  th a t th is  procedure e x p e lle d  any a i r  bubbles trapped  in
I ; 7 " th e  b lo od . The gearbox was engaged and the cone speed, as read  on
i '7 ..:a 7BK t lie  s c a le ,  brought to  the d e s ire d  va lu e in  le s s  than 5 seconds.
For p re lim in a ry  experim ents the cone was run to
1000 sec ’” '1' f o r  30 m inutes. A t the end
f * *■>. v-:
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of a run the plate was moved away from the cone using the 
racking system, and about 1 ml of blood withdrawn from the 
centre of the blood pool with a Pasteur pipette. This was 
then carefully transferred to a glass centrifuge tube for 
analysis. Concurrently with the 30 minute run a similar 
amount of blood was placed between two flat perspex sheets, 
held apart by perspex blocks, and maintained at 37°C on a 
heated table; this served as a control. During five 
preliminary tests it was observed that while the control 
blood remained a dark blue-red colour, the blood in the 
viscometer had turned to a bright red. Upon comparison of 
oxygen partial pressure (P02) levels of the test and control 
samples, using a blood gas analyser (Phillips Instruments) 
it was found that the test blood had become oxygenated.
It was felt that the problem of oxygenation of the 
blood in the viscometer should be investigated further. 
Firstly because oxygenation represents an uncontrolled 
parameter which may affect the experiments. A rise in PC>2 
levels itself may affect the red cell’s mechanical 
fragility, and also a rise in P0 2 may be accompanied by a 
fall in PC02 levels which may change the blood pH, and thus 
possibly the red cell membrane behaviour. Secondly, this 
effect may be present in all cone and plate experiments, 
but since consecutive controls are more popular than 
concurrent ones direct colour comparison may not come about, 
and the effect not observed.
Some hypothesis of blood oxygenation in this
133
system was necessary, so that it may be tested. Nichols and 
Lo (1974) have stated that at a cone speed of 350 rpm and 
above air bubble entrapment occurs in a cone and plate 
viscometer. They state that air forms a central bubble around 
the cone tip due to a lower pressure existing there. It was 
thought that this may be the reason for the oxygenation 
effect observed and thus the cone tip was examined visually. 
The plate, being transparent, allowed direct visualisation 
of the blood in the. viscometer. This was achieved by raising 
the plate if- inches off the heated table with plastic blocks, 
and placing a -mirror at about 45° from the horizontal under 
the perspex plate. A camera was then mounted so as to be able 
to make a record of the image in the mirror (FIG. 5:1). The 
viscometer was loaded with A.C.D. bovine blood in the normal 
way, and the machine run at a series, of shear rates. 
Photographs were taken of the blood near the cone tip, and 
also of the blood around the cone periphery, since it is here 
that bubble entrapment would occur. At the highest shear rate 
used ( 2 0 0 0 sec b) no bubble entrapment was seen, and no 
central bubble around the cone tip was observed. However, 
after 5 minutes an area of slightly lighter red blood (about 
2 cm in diameter) was seen around the cone tip, although this 
change was too subtle to be seen on the photographs. After 
15 minutes no air entrapment was seen in any of the tests 
done, although by this time the blood was seen to have 
become oxygenated. (Plates 1 - 6 ) .  It was noticed, however,
* __ithat at a cone speed of 250 rpm (1560 sec ) and above,
134
• Cone Sc plate set up with a mirror to observe 
blood oxygenation.
Guard ring
Plate
•Cone
Mirror
Camara

13 5
Plate 1.
Viscometer with, raised plate and mirror.
Plate 2.
Viscometer with raised plate and mirror, 
with blood in resevoir.

136

137
Plate 5.
Viscometer cone edge after 5 minutes of running.
Plate 6 .
Viscometer cone edge rotating at 300 rpm.

Turbulence of blood surface at 250 rpm.
P l a t e  7 .
SIS turbulence did occur around the cone periphery (Plate, 7). At.. ’ . ' "• :©:
' 5' * ' * j. ' :'©/• 4 'j «
B m 2000 sec” this turbulence was very marked. It can thus be seen
m  / . ■ '  ’ . © . / ■ •Itelthat -the formation of a centra.! air bubble was not the reason for , . ■ 
te©blood oxygenation in this case. The only route available for air
| ; " v |  > ■ ; , © , © - '  * . . ©  ‘ ©  ’f© ito enter the blood is via cone periphery, and since bubbles do
4 4 ©  . . : © + j ■■
©fi Inot seem to be included in the blood here, the oxygen must 
©/©dissolve in the blood around this area. In an effort to prevent 
/©©this happening, liquid paraffin B.P. (Boots Pharmacuticals) was 
©jfeffloated onto a fresh sample of blood in the viscometer, and the 
©©©machine run at various speeds. Below 2 00 rpm the blood ceased 
© -to change colour during a run, but above this speed oxygenation
©©©©+1 •  ^ ' «, © ft -
u istill took place. It was thought that turbulence around the cone
.©/©periphery was the cause of this transition. At speeds greater
! / © + ' • ■  . *’ ■ • : ’* © 4 ;  ■
f ithan 200 rpm the paraffin film was probably broken up, allowing
Ik /air to come into contact with the blood. Since the solubility
’ . • . ^ ;. *•. -
1 of oxygen in paraffin is 0.098 ml/ml, as compared with 0.023 ml/ml
H I  • v  ©ft, • ■: ’ : ,  • ©/©'Ijfor the solubility of oxygen in water, it is possible that oxygen 
i/l/'j iSv escaping through the paraffin. , . .*
' 4 ‘ -«• * ' . . * •
© , / j ;  • ; ‘ .■ , ‘ , ■ « .©■© -Since this method of liquid paraffin coating could not be
©  I I . ■’ . 1 ■
1 fused at high values of cone rotation, . it was decided to investigate
M i l  ft • - • ©  . .  ■ © : .  . ■ , © / .  © ' .  . • + © / © ■
,,© l|the mechanism of oxygenation in the viscometer further; to;vtry to 
© ’ JLstablish a more fundamental method of prevention. • .©
k+lfl Firstly, the effect of the viscometer geometry was
m m .  ...   . ' ■ . . ©  ' .. - '
Investigated. The viscometer was set up as described except
m t  © < . . .  . . 7J||L|th^t instead of the perspex cone and plate a steel cone of
. * \ ' ft "ft '© f, © y
cm diameter and 1 angle was used on a flat steel plate
H i ? .  '•■■■■ : ■■ .■  ■ ■ ■ ©$$8$ with no guard ring. This cone was run at 264 rpm, which gave
M r  ' «■■■ ■ n lthe. same cone peripheral speed as the perspex cone being; run
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Average P02 of four runs before test = 44 mm Hg
11 “ H " M after u = 142 mm Hg
Thus increase in PC>2 due to test = 98 mm Hg.
This demonstrates that the effect is not due to the use of 
one particular perspex cone and plate.
The above experiment was repeated with the cone run
j
3 mm above the plate to approximate to a plate on plate 
' viscometer:-
Average PC>2 of four runs before test = 41 mm Hg
n u 11 11 11 after u =45.3 mm Hg
Thus increase in P02 due to test = 4.3 mm Hg.
i
!*It thus appears that the cone and plate system is much more
< 4i * .
< susceptible to oxygenation than the plate on plate system.
* I
I j§|'H The cone and plate experiment was repeated with
Ifjthe addition of a 7.5 cm radius guard ring:-
IIf|| Average P02 of four runs before test = 42 mm Hg
11
j|| “ 11 “ 11 11 after M = 7 6  mm Hg
|| Thus increase in P02 due to test = 34 mm Hg.
III!>These results again implicate the blood surface around the 
"(cone periphery in the effect, in that the exposed blood
I
ijjurface to blood volume ratio in a cone and plate viscometer, 
'j is greater than that in a plate and plate viscometer, while
L i
guard ring will reduce the exposed area. If the exposed v 
# 9
a t  1000 s e c ” 1 . The b lo o d  was sam p led  b o th  b e f o r e  and a f t e r
a 15 m in u te  run  and th e  P02 m easu red  in  a P h i l l i p s  b lo o d
gas  m ic r o a n a ly s e r : -
| r e a  i s  im p o r ta n t ,  th e  s p eed  o f  con e  r o t a t i o n  may b e  a
-L ' ■' X Q  -1+*" 1 ■V-'rO
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parameter governing the rate of oxygenation in the blood. 
Therefore a series of experiments were performed using the 
perspex cone and plate as described previously but with the 
cone run at a series of angular velocities; 100, 150, 200, 
300, and 500 rpm with 0.1 ml of the blood sampled at 0, 5,
10, and 15 minutes using a Pasteur pipette to take blood 
from under the cone. The samples were measured for P02 and 
also PC02 . It was hoped to measure all samples for pC02 but 
the carbon dioxide electrode of the microanalyser proved 
unreliable•and frequently generated spurious results. Certain 
other samples became unmeasurable due to entrapment of air 
in the blood during sampling. The results are presented in 
Table 5;la.
Certain runs were repeated using blood of different 
initial P0 2 values to see how this affected the results.
These data are presented next to the initial data, separated 
by commas, in Table 5:lb.(Presented graphically, FIG. 5:2&3)
The experiment was then repeated using the steel 
cone and plate system as described, run at 6 6, 100, 150, 200, 
250, 300 and 500 rpm and sampled at 0, 5, 10 and 15 minutes. 
The results are presented in Table 5:2,(and graphically in 
FIG. 5:4 •). The results were not averaged as different 
initial PC>2 levels existed in the blood in different 
experiments. Since the initial value of the P02 may influence 
the magnitude of the response, each set of data is treated 
separately.
It is apparent from figures 5:2 to 5:4 that the
142
Oxygen tensions in blood in the perspex cone-plate viscometer,
TABLE 5 :1
i speed Time • P00 (mmHg) PCCL (mmHg)
rpm) (mins)
a _b
50 0 (B) 34, (F) 56 (cr) 60
5 38, 56 42
10 38, 59 29
15 41, 59 22
100 0 (A) 37, (G) 59 (tr) 65
5 39, 58 29
10 40, 64 19
15 42, 77 12
150 0 (C) 39; (H) 55 W 70
5 44, 59 30
10 49, 66 17
15 6 6, 86 9
200 0 (D) 43, (I) 53 </> 70 68
5 49, 57 26 31
10 59, 74 13 18
' 15 85 , 109 7 1 1
300 0 (E) 39, (J) 51 (Jf) 79 (9) 74 (A) 76
5 51, 61 20 32 31
10 69, 102 9 17 15
15 106 ) 125 5 1 1 9
T h is  t a b l e  i s  r e p r e s e n t e d  g r a p h i c a l l y  in  F ig u r e s  5 :2  & 5 :3 .
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TABLE 5 :2
B lo o d  o x y g e n a t io n  l e v e l s  in  th e  s t e e l  c o n e - p la t e  v is c o m e t e r .
s speed Time P09 (mmHg) pco2 (mmHg)
(rpm) (mins)
66 0 18
5 19
10 22
15 27
,100 0 17 (E) 51 (<*) 79
5 24 49 28
10 26 48 15
15 33 57 8
150 0 10 36 (D) 45 ip 88
5 19 39 48 26
10 23 45 57 1 1
15 X 55 67 7
200 0 49 (fc) 88
5 50 2 1
10 75 7
15 114 3
250 0 36 (C) 46 (5*) 85
5 43 51 18
10 52 73 7
15 68 1 1 0 3
300 0 13 38 (A) 50 tf) 815 17 43 56 13
10 2 2 72 100 4
15 28 132 12 5 2
500 0 37
5 51
10 87
15 116
T h is  t a b l e  i s  r e p r e s e n t e d  g r a p h i c a l l y  in  F i g .  5 :4 .

iQCv
3  ^
H- H*
3 3CO 0
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Fig. 5:5. Rise in P02 in blood versus cone speed,
- Perspex viscometer.
cone rpm
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overall kinetics of oxygenation and decarboxylation are 
similar in both the steel cone and plate, and the perspex 
cone and plate systems. Over the time range studied, during 
the first five minutes, there is an initial large drop in 
P C 0 2 , accompanied by a very small rise in P 0 2 - Over the next 
ten minutes a large rise in P 0 2 occurs, accompanied by a 
small drop in P C 0 2 «
The question then arises as to whether the rise in 
P 0 2 is due to a drop in P C 0 2 , for instance via the Bohr 
effect, or whether both the drop in PCC>2 and rise in P 0 2 are 
due to some other cause, and each is unrelated to the other.
In an effort to clarify this point a run was
repeated with the perspex cone and plate system for 15
—3minutes sampled at 0, 5, 10 and 15 minutes. 10 M  Sodium 
azide was added to the blood before the run as a carbonic 
anhydrase (C.M.) inhibitor (Winton and Bayliss 1961f ) . The 
rationale was that by inhibiting C.A. the loss of carbon 
dioxide would be inhibited, and oxygenation could be studied 
independantly. (Table 5:3). From these data it is apparent 
that decarboxylation still occurs. This may be because the 
mechanism of decarboxylation does not involve the normal 
buffering systems, but it is more likely that carbonic 
anhydrase inhibition does occur,and the decarboxylation 
takes place slowly, and uncatalysed, but still within the 
first five minutes. In this case the difference between the 
two systems would1 not be apparent in these experiments. This 
effect will be studied further below.
149
-3cone-plate viscometer plus 10 M sodium azide.
TABLE 5 :3
O x y g e n a t io n  and d e c a r b o x y la t io n  o f  b lo o d  in  th e  p e rs p e x
Time P02 PCO2
(mins) (mmHg) (mmHg)
0 50.2 59.2
5 57.8 19.9
10 85 ' 10.3
15 113 ‘ 5.8
TABLE 5:4
The pH of blood samples from the perspex cone-plate viscometer.
Cone speed Time pH
(rpm) (mins)
150 0 6.95
5f 7.15
15 7.22
300 0 6.95
5 7.14
15 7.32
T h is  t a b l e  i s  r e p r e s e n t e d  g r a p h i c a l l y  in  P i g .  5 :6
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A relationship was seen to exist between the 
speed of rotation of the cone and the total increase in PC>2 
in the blood. To demonstrate this FIG. 5:5 shows the drop in 
oxygen partial pressure CPO2/0mins> - P02jl5mins!  versus 
cone rpm where P0 2 Qm£ns is the original blood oxygen 
partial pressure in mm Hg and P02 £5m£ns the final blood 
oxygen partial pressure.
For'both sets of oxygenation data a linear 
relationship exists, being of slightly different gradients, 
but intersecting the cone speed axis at about the same point, 
40 rpm. This suggests that at less than 40 rpm, no 
oxygenation should take place. This in turn suggests that 
some effect is precipitated at about 40 rpm cone speed.
It was thought that pH changes may play a part in 
the phenomenon, and experiments were performed, as before, 
with the perspex cone and plate, run at 150 and 300 rpm,and 
the blood sampled at 0, 5, and 15 minutes. The pH of these 
samples was measured with a blood gas analyser, employing 
the pH electrode. The results are presented in Table 5:4/(and 
graphically in FIG. 5 :6 ). The slight rise in pH is probably 
due to a loss in carbon dioxide. However, the rise is small 
and does not explain the large rise in P02 .
In an attempt to elucidate the cause of the 
phenomenon further, the blood was divided into its two major 
components, plasma and red cells, the red cells being 
suspended in isotonic saline.
Firstly a control experiment was performed using
152
0.9 % saline in the viscometer run at 100, and 400 rpm and 
sampled at 0, 5, 10 and 15 minutes. The results are presented 
in Table 5:5 (and graphically in FIG. 5:7). No appreciable 
change in oxygen or carbon dioxide partial pressures takes 
place in the saline, suggesting that the oxygenation effect 
is due to the physiological attributes of the blood, rather 
than due to its behaviour as a fluid.
However, it was realised that the initial level of 
oxygen and carbon dioxide in the saline may be a governing 
factor in the decarboxylation effect. The above experiment 
was thus repeated, but prior to being placed in the viscometer 
pure carbon dioxide gas was bubbled through the saline for 
two minutes to provide the high initial PC0 2 required.
The results are tabulated in Table 5:6 (and 
graphically in FIG. 5:8). If this graph is compared with 
FIG. 5:2, it will be seen that decarboxilation takes place 
in both cases, but is much more rapid initially in the case 
of the saline, possibly because of the higher initial PC0 2 
values achieved. It is now suggested that the decarboxylation 
occurs irrespective of the fluid in the viscometer being 
blood or saline.
The above experiments were then repeated using, 
consecutively, erythrocytes suspended in saline and blood 
plasma. To obtain these fluids whole blood, in A.C.D, was 
centrifuged in a GaHenkamp Major centrifuge at 2400 rpm for 
20 minutes. The plasma was aspirated off and used for 
experiments while the erythrocytes were resuspended in 0 . 9  %
Oxygenation and decarboxylation in the perspex 
cone-plate viscometer using 0.9% saline.
TABLE 5 :5
Cone speed 
(rpm)
1 0 0
400
1 0 0
400
Time
(mins)
0
5
1 0
15
0
5
1 0
15
0
5
1 0
15
0
5
1 0
15
P°2(mmHg)
144
139
139
139
157
143 
142
141
161
148
142 
141
165
144
158 
155
PC°2(mmHg)
5.6 
1 . 2
1.3 
1 . 2
1.7 
1 . 2
1 . 0
1 . 6
1.4 
1 . 1  
2 . 0
2 . 0
1.5 
1 . 1
1.7
T h is  t a b l e  i s  r e p r e s e n t e d  g r a p h i c a l l y  in  F i g .  5 :7
Cone speed Time P02 •PC02
(rpm) (mins) (mmHg) (mmHg)
100 0 87 345
5 128 80
10 13,3 5
15 131 2.5
400 0 118 200
5 135 2.5
10 135 2.0
15 136 2.0
TABLE 5 :6
O x y g en a t io n  and d e c a r b o x y la t io n  in  th e  p e r s p e x  c o n e -
v is c o m e t e r ,u s in g  0.9%  s a l i n e , a f t e r  2 m in u tes  o f  C02
1 0 0 0
5
1 0
15
400 0
5
1 0
15
146
142
143
144
119
6.7
2 . 1
1 . 6
153
145
147
148
8 8
2 . 2
1.7
1.4
plate
bubbling.
T h is  t a b l e  i s  r e p r e s e n t e d  g r a p h i c a l l y  in  F i g .  5 :8
155
F ig .  5 :7 .  O x y g e n a t io n  and d e c a r b o x i l a t i o n .  0.9% S a l in e .
mmHg 
P0o PCO
m m s
Fig. 
5:8. 
Oxygenation 
and 
decarboxylation 
with 
high 
C0
2 initially
0.9% 
Saline.
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saline and recentrifuged. The saline was then removed and 
the erythrocytes made up to their origi n.al haematocrit 
using fresh 0.9 % saline. This suspension was then used for 
the experiments. The results for blood plasma and erythrocytes 
in saline are presented in Tables 5:7 and 5:8 (and graphically 
in FIGS. 5:9 and 5:10). These experiments were then repeated 
using high initial PCC>2 levels obtained by bubbling pure 
carbon dioxide gas through the plasma and the■erythrocytes in 
saline, as was done before with the 0.9 % saline. The results 
are shown in Tables 5:9 and 5:10 (and graphically in FIGS.
5:11 and 5:12). From these results the conclusion is drawn 
that the rate of loss of carbon dioxide from the blood is 
dependent upon the initial carbon dioxide partial pressure 
in the blood, the further the initial level above the 
atmospheric level, the greater the initial drop in carbon 
dioxide partial pressure.
From the graphs where initial carbon dioxide levels 
are similar in all four runs, the higher cone rotation speeds 
yield the greater drops in PCC>2 . This occurs in saline alone, 
erythrocytes in saline, whole blood and plasma alone, which 
suggests that this part of the phenomenon is a straight­
forward physical process, being non biological in origin.
The oxygenation also depends upon initial levels, but low 
initial levels only seem to be attainable with erythrocytes 
present as is the typical case in stored blood. Presence or 
absence of erythrocytes has no effect on decarboxilation.
Since the first sample was taken after 5 minutes,
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Cone speed Time P02
(rpm) (mins) (mmHg)
1 0 0 0 182
5 164
10 160
15 160
TABLE 5 ;7
O x y g e n a t io n  and d e c a r b o x y la t io n  in  b lo o d
400 0
5
1 0
15
168
162
161
160
100 0 157
5 155
10 157
15 156
400 0 166
5 165
10 162
15 160
pco2
(mmHg)
22.5
13.8
10.9
9.2
20.4
8.9
5.5
3.7
2 0 . 1
14.2 
1 1 . 8
9.7
18.8
7.6
4.7
3.8
p la sm a .
T h is  t a b l e  i s  r e p r e s e n t e d  g r a p h i c a l l y  in  F i g .  5 :9
159
Cone speed Time PO^ PC02
(rpm) (mins) (mmHg) (mmHg)
' 100 0 42.7 13
5 48.5 8
10 56.7 5
15 61.7 4
400 0 47.7 10.3
5 78.5 3.8
10 150 1.9
15 159 1.3
1 0 0  0  2 2 . 6  2 8 . 1
5 26.1 12.6
10 34.9 6.7
15 39 4.9
400 0 19 27
5 94 3
' 10 119 1.3
15 108 1.0
TABLE 5 :8
O x y g e n a t io n  and d e c a r b o x y la t io n  o f  e r y t h r o c y t e s  in  s a l i n e .
T h is  t a b l e  i s  r e p r e s e n t e d  g r a p h i c a l l y  in  F i g .  5 :1 0
160
TABLE 5 :9
O x y g e n a t io n  and d e c a r b o x y la t io n  o f  b o v in e
p lasm a in  s a l in e  a f t e r  2 m in u tes  o f  C02 b u b b lin g .
Cone speed Time P02 •PC02
(rpm) (mins) (mmHg) (mmHg)
10 0 0 88 72.8
5 126 29.8
10 127 15.8
15 128 9.5
400 0 103 43
5 . 132 9.2
10 133 4.3
15 135 2.3
100 0 60 103
5 120 37
10 113 18.7
15 120 12.9
This table is represented graphically in Fig. 5:11
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Cone speed Time P02 PC02
(rpm) (mins) (mmHg) (mmHg)
1 0 0' 0 12 91
5 44 28
10 53 11
15 75 6
400 0 15 123
5 73 12
10 133 3.9
15 142 2.3
100 0 17 75
5 38 32
10 46 19
15 55 13
400 0 11 116
5 60 18.7
10 103 6 . 6
15 154 3.2
TABLE 5 :1 0
O x y g e n a t io n  and d e c a r b o x y la t io n  o f  b o v in e
e r y t h r o c y t e s  in  s a l in e  a f t e r  2 m in u tes  o f  C02 b u b b lin g
T h is  t a b l e  i s  r e p r e s e n t e d  g r a p h i c a l l y  in  F i g .  5 :12
162
F i g .  5 :9 .  O x y g e n a t io n  and d e c a r b o x y la t io n  in  b lo o d  p la sm a .
F i g .  5 :1 0 .  O x y g e n a t io n  and d e c a r b o x y la t io n  o f  RBCs in  s a l i n e .
• 
• 
I
t
P 0 2  •
mm
130
1 2 0
1 1 0
1 0 0
90
80
70
60
' 50
40
30
2 0
i
: : j  11 *
164
> C ° 2
i g Fig. 5:11. Oxygenation and decarboxylation 
of plasma with high initial CO2 •
Time mins. 1 0 15
* ' i.v , • . : 1 * t ..J!/ • Vi.M'id. ■ 1. * -s ..v<: -A*-
165
166 
T A B L E  5:11
O x y g e n a t io n  and d e c a r b o x y la t io n  o f  b lo o d  in
the viscometer over the first 15 minutes.
Cone speed Time P°2 •pco2(rpm) (mmHg) (mmHg)
100 0 13.5 104
10 sec 20.5 94
30 sec 23.5 90
1 min 26 79
2 mins 32.2 64
3 mins 34.2 49
4 mins 37.8 42
15 mins 89 6
This table is represented graphically in Fig. 5:13
TABLE 5:12 
Plasma haemoglobin rise during a 'run' 
in the presence of a variety of gas atmospheres.
Haemoglobin rise (mg%)
Gas
A B
Runs 
C • D E Average
air 8 8 4 9 3 6.4
nitrogen 5 7 6 . 0
oxygen 1 1 19 4 11.3
carbon dioxide 12 6 7 6 7.7
Oxygenation and decarboxylation of RBCs in 
saline resolved over initial 4 minutes.
Time mins.
10 15
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the PC02 drop and PC>2 rise within the first 5 minutes were 
measured to see if they were uniform over this period, or 
took place in a shorter time. The results are presented in 
Table 5:11 for red blood cells in saline, (and graphically 
in FIG. 5:13). The graph shows that the initial C02 loss and 
C>2 gain are rapid over the first 10 seconds and thereafter 
fairly uniform.
If the loss of C02 is a purely physical process as 
suggested by the experiments, then it should be possible to 
predict this theoretically. First, however, a series of 
assumptions must be made;
Assumption Is The air particles immediately adjacent 
to the blood surface move at the same velocity as the blood 
surface.
Assumption 2: The ambient air pressure is atmospheric.
Assumption 3: The blood around the periphery of the 
cone may be treated as a stationary well. To justify this, 
consider three elemental cubes of blood A, B, and C. (FIG. 
5:14).
Fig. 5:14. Blood flow in an open conduit.
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The driving force (F) governing the diffusion of CO^ across 
A is a function of [pC02 ^  - PC02 ^ J  (as F = ® drn ^  ) and 
PC02(z) is partially governed by the-total amount of C02 in 
element B. However, immediately prior to this situation, 
element A was adjacent to C, and since C is upstream of B, 
and has thus not lost as much C02, its CC>2 content is higher. 
This implies that as one travels downstream along the gutter 
the rate of diffusion drops. If the gutter is now made into 
a circular form, a step in diffusion rate should occur. Since
this cannot happen, as lateral diffusion would take place,
| .
I the vertical diffusion rate at any point around'.the gutter
J must be equal to that at any other point. Also, returning to
j the linear gutter, as the shear rate increases-the element A
j moves from element C to element B more quickly, and since B
I ' _ .
j is lower in C02 than C, the diffusion rate drops. In the 
| circular gutter flow, exactly the same diffusion pattern is
s
I occurmg at any point around the gutter, and element C now
j •
] no longer has more C09 than element B, and thus the diffusion
i .
1 rate is independent of shear rate.
j Assumption 4: At angular velocities, of less than 15.2
rad/sec with the cone employed, no bulk flow apart from -• 
circular flow takes place. 15.2 rad/sec is the limiting 
angular velocity for turbulence, according to the Reynolds
number. Re critical assumed as 2000. Re = Auk
P
where k-is an
/ hiCfrhh:ftva '4 A
average value of d, the hydrodynamic depth under the cone.
f> = 1.08 Sc pi = 1.7.
Assumption 5s The blood is treated as a haemoglobin
solution with a buffer system. This is a gross simplification,
but by taking an empirical value of nn (the pseudobinary
2
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diffusion coefficient for carbon dioxide through blood
— 5(Documents Geigy)) ref 2.5 x 10 , this approximation is
justified.
Using assumptions 1 to 5, the situation around the 
cone periphery becomes that represented in FIG. 5:15 below:-
Fig.5:15. The situation around the cone periphery.
The appropriate mass transfer equation for diffusion 
accompanied by chemical reactions is as follows;
dN. __ l
dz
d
dz &
d C .  1
im dz = R. l (5: a)
but using assumption 4, that bulk flow other than normal to 
the diagram is insignificant, equation 5:a reduces to;
dNCO,
dz =  £>
2d CCO,
CO, = KCdz' CO, (5:b)
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and thus not rate limiting. Furthermore, the PC02 electrode
used to measure the blood C0 2 content probably measures total
4-C02 as it works by measuring H ions in the blood, as well as
. — +  4-convertmg C02 to HCO^ and H to measure these H ions as a
measure of blood CC>2 . Thus the effect of the reaction is 
removed, and one obtains a normal Fick's relationship of;
C 0 2  ^ C 0 2 —  ( 5 ! C )
or
N = 10 ci “ C2
iMC 0 2  C 02 ~ ^ h —  ( 5 : d ^
where
Ncq is the CC>2 flux through the blood surface, 
j) c 0  is the diffusitivity of CC>2 through blood,
C£ is the cone of C02 at z = L and 
C2 is the cone of CC>2 at z = 0.
In this case
co = 2.5 x 10 (Documenta Geigy)
L = 0.5 cm
C£ = 20 mM/ 1  (from results)
C2 = zero (effectively since in air
= 0.023 mm Hg).
So N = 2.5 x 1 0~5 [§7 §k] = 0.1 x 10- 5  mM/cm2sec
-5 - 2= 6 x 10 mM/cm min of C02
The r e a c t i o n  o f  th e  b ic a r b o n a te  s y s tem  i s  v e r y  f a s t
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viscometer the rate of C02 loss at 100 rpm is 10 mM/litre/5
3 -minutes, or 0 . 0 0 2 mM/cm /minute.
This is from a volume of 0 . 2 5 x  3 1 . 4 =  7.85 ml. Therefore, 
loss is 0.0157 mM/minute.
2  2  2  This is lost through an area of-ff(5.75 - 5 ) = 8 tf= 25.1 cm .
Therefore flux through surface is 0^0i|7 ^ Y / m i n u t e
= 6.25 x IO- 4  mM/cm2/minute.
As can be seen, at a rough approximation, the calculated loss 
of CC>2 is an order of magnitude smaller than that found 
experimentally. Thus one or more of the assumptions 1 to 5 
must be in error. It was thought that assumption 4 (that there 
is no bulk flow other than radial flow) was most likely to be 
wrong, and this assumption should be tested.
The apparatus described in chapter 4 was used, 
consisting of a plate of perspex with holes in its upper surface, 
each connected to a manometer. These holes describe a line 
across the plate surface equivalent to a radius of the cone.
The manometers were mounted on a board in front of a sheet of 
graph paper to facilitate measurements. The plate was inserted 
in the viscometer in place of the normal plate. Runs were 
performed using water, using water as the manometer fluid, 
and also with blood with saline in the manometers. All runs 
were performed in triplicate at zero, 100, 200, 300 and 400 rpm. 
Photographs were taken of the manometers for record, and a 
representative sample of these is shown in plates 8 - 1 3 ,
From th e  r e s u l t s  f o r  w h o le  b lo o d  runs in  th e
173
Plates 8 - 13 o
A representative selection of manometer photographs 
demonstrating pressure variations across the 
viscometer plate.
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It was assumed that if flow was exclusively radial, 
then the pressure distribution across the plate should be 
uniform. However, a pressure distribution curve with one or, 
in some cases, two maxima occured. It is interesting to note 
that a pressure peak exists at approximately ~ = 0 . 6  in both 
water and blood at all shear: rates tested. This implies a 
fairly consistant alteration in smooth flow at this point. 
Maximum negative pressure points also exist around tubes
IT— = 0 . 1  in all cases also, and a uniform rise in pressure 
exists towards the cone edge. This suggests, but does not 
prove, at least two areas of secondary flow in the cone and 
plate system, one near the cone tip, and another near the cone 
periphery.
It has been shown (G. Heuser, personal communication) 
that radial flow does exist in cone plate viscometers. The 
radial flow was calculated by an iterative computer technique. 
The first iteration takes into account pressure, centrifugal 
and frictional forces only and gives the value for radial • 
velocity (Vr);
o 2 3
Vr = [tan ©J (0 .lyp- 0.35j> + 0.3y® - 0.083y04)
where the symbols are explained by the following diagram 
(FIG 5:18).
and g r a p h i c a l l y  in  F i g s .  5 :1 6  and 5:3 7.
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Fig. 5:18. Secondary flows under a cone (After Heuser)
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ioiUij:
P  - distance from cone,normal to cone, to point 
'■ considered,
*d - cone angle,
{for = shear stress at radius r,
• I
nXr = velocity at radius r,
J = density*
U> = angular velocity. 
y«t= viscosity.
This result did not agree well with pressure results 
obtained, but the second iteration was hoped to be closer.
G. Heuser has also measured the blood haematocrit 
along the cone radius, which becomes non linear at values of 
~  less than 0.5. (FIG 5s19). From these results the most likely 
explanation of the deoxygenation of the blood in a cone - 
plate viscometer is caused by a carbon dioxide loss caused by 
straightforward diffusion out through the blood at the edge 
of the cone. This is facilitated by secondary radial flows 
carrying bulk plasma from the cone tip towards the cone
178
Fia. 5:19. Blood haematocrit along the cone radius.
t
Fig. 5:20. Suggested pattern of radial flows in a
cone and plate viscometer.
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periphery and then back towards the cone tip. This is 
immediately followed by an oxygenation through the blood at 
the cone edge, possibly also facilitated by radial flows and 
possibly the Bohr effect.
A suggested reason for the secondary flows is a 
centrifugal effect acting upon cells.and plasma in contact 
with the cone face, forcing them towards the cone periphery, 
with a concommitant flow back along the plate face. A 
suggested pattern of secondary flows is shown in FIG 5:20.
To discover if these changes in oxygen tension in 
the blood would cause a significant change in red cell 
fragility, shear rate versus haemolysis tests were performed 
in atmospheres of various gases. To achieve this the cone and 
plate section of the viscometer was enclosed in a perspex box 
as shown in chapter 4. Gases (air, nitrogen, oxygen and carbon 
dioxide) were passed through the box via a rotameter at a rate 
of 1.5 litres/minute. The viscometer was run at 100 rpm for 
20 minutes with fresh blood. At the end of a run the blood 
sample was removed from the viscometer, centrifuged and the 
plasma haemoglobin level measured by the O-tolidine test 
(Chapter 6). This was compared with the level at the start of 
each run, and the difference is presented in Table 5:12.
In this particular system, little rise in plasma 
haemoglobin levels can be attributed to any gas and thus 
should not affect the haemolysis experiments envisaged.
CHAPTER 6
EFFECTS OF PLASMA PROTEIN DEPOSITION, IN A CONE-PLATE 
VISCOMETER, UPON HAEMOLYSIS IN A SHEAR TIME FIELD.
It has been observed that during operations in 
which heart lung bypass techniques are used, and also in 
incorrectly functioning prosthetic heart valves, haemoglobin 
is liberated from the red cells into the plasma (Blackshear 1972).
Elucidation of the parameters affecting this 
phenomenon has been undertaken by several workers, for 
instance, the effects of the shear rate on the blood (Forstrum 
1970, Shapiro 1970, Champion 1971, Rooney 1972,and Nanjappa 
1973); the interaction of red blood cells with foreign 
surfaces (Leverett and Blackshear 1972) ; of haematocrit • 
changes (Bacher 1970) and of pressure changes (Wielogorski 
• 1975). The effects of the surface in contact with the blood 
have also been studied, for instance, the roughness of the 
surface (Stewart and Sturridge 1959).
and the gross morphology and material composition of blood 
proteins deposited onto that surface (Lampert 1973).
Forstrum (1970) has shown that at very high shear 
—2stresses (40,000 dynes cm and above) haemolysis is 
dependent on the shear stress. He did this by injecting blood 
into a bath of saline at predetermined velocities, and thus 
predetermined shear stresses, so that the red cells did not 
come into contact with any foreign solid surfaces. However,
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at lower shear stresses, haemolysis does still occur, 
provided that the blood can come into contact with a foreign 
surface. In this area haemolysis does not seem to depend 
entirely on stress levels. It has also been shown that when 
whole blood is used, in this lower shear stress regime, the 
rate of haemolysis decreases with time (Leverett 1972 and 
Wielogorski 1 9 7 6 )• This is possibly due to protective action 
afforded by plasma proteins, which are deposited upon foreign 
surfaces into which blood has come into contact.
The interdependent effects of shear rate, and time 
of exposure to shear, have been studied by few workers, 
either using short time exposures, or results from experiments 
using several different types of apparatus (Leverett et al 
1972).
It was thus decided to investigate the interdependent 
actions of shear and time of shear on haemolysis, and also the 
effect of plasma protein deposition onto foreign surfaces on 
the rate of haemolysis.
Previously, investigations of the proteip depositions 
have been carried out by ellipsometric and total internal, 
reflection methods (cuypers 1977). These techniques yield 
total film thickness, but the type of protein present can be 
determined only by comparison of the ellipsometer traces with 
those of artificially deposited films of single protein 
species.
A more direct labling approach was required. Kochwa 
( 1977) has labled proteins both with radio tags and with
182
fluorescent markers in order to establish the quantity of 
each protein deposited. This is a direct approach but suffers 
from the drawback that it tells nothing of the conformation 
of the protein once it is absorbed, since the protein may 
either retain its shape or be totally degraded by the surface 
with the same result.
Fluorescein isothiocyanate (FITC) conjugated anti 
plasma protein antibodies were therefore used in this study, 
since they label not only single protein species specifically, 
but also only those proteins in which the antigenic 
determinant is still intact.
Equipment, materials and methods.
Haemolysis experiments.
The modified Ferranti Shirley cone-plate viscometer 
was used as described in chapter 3. The perspex cone of 
diameter 11 cm and angle 0.0175 rads with a 12 cm diameter 
guard ring was used. The plates used were new 13 x 13 cm 
sheets of perspex which were washed in detergent and rinsed 
in distilled water followed by air drying prior to each run. 
Bovine blood was collected in acid citrate dextrose (ACD) as 
an anticoagulant.
The ACD recipe employed was
Citric acid 1.9 gms
Trisodium citrate 5.7 gms
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Water to 260 ml
This was added to 3 litres of whole blood which was 
collected from cattle jugular veins during slaughter and used 
on the day of collection or the next and then discarded, as 
after this time it was found that the free plasma haemoglobin
i
in the blood rose sharply (Fig. 6:1).
The cone and plate apparatus was assembled as 
described in chapter 3 and the plate brought to 37°C. A 10 ml 
sample of blood was loaded onto the dry plate and the cone 
brought to position, carefully expelling air from under the 
cone. Blood was then drawn from under the cone with a Pasteur 
pipette until the blood remaining just covered the cone 
surface. A sample of this blood was then centrifuged at 1500 g 
for 10 minutes and the plasma removed for analysis. The cone 
was then run at the desired speed for the predetermined time. 
At the end of a run, blood was removed from under the cone 
with a pipette and again centrifuged at 1500 g for 10 minutes 
and the plasma removed. The two plasma samples were measured 
for free haemoglobin by the O-tolidine test (Appendix A ) . The 
difference between the two levels was taken to be a measure of 
the haemolysis caused to the blood by trauma. At the start of 
each day blood viscosity and haematocrit were measured and 
red cell morphology examined in a dried smear for gross 
abnormalities.
The above experiments were then repeated using 
washed red blood cells suspended in buffered isotonic saline
G lu c o s e  6 .4  gins
(BIS) instead of blood. This was prepared as described in 
chapter 5.
The runs were repeated three times with three 
different blood pools, and the mean average result calculated. 
All O-tolidine tests were run in duplicate. The shear rate 
shown is that calculated from the angular velocity of the 
cone and the cone angle. This must differ from true shear 
rate since secondary flows in the system are represented, 
and is thus referred to as the nominal shear rate. Values of 
nominal shear rate of 600, 1200, 1800, and 2400 sec 1 were 
used for periods of 2, 5, 10, 30, and 60 mins.
Immunofluorescent experiments
The above experiments were repeated, omitting the 
haemoglobin measurements, but using human blood.instead of 
bovine. Human blood was used instead of bovine because the 
relevant antibodies were more easily obtained. The blood was 
collected from one of five healthy volunteers, via venapuncture 
into ACD on the morning of the experiment.
The tagged antibodies used were fluorescein 
isothiocyanate (FITC) conjugated rabbit anti-human fibrinogen, 
IgG, IgM,IgA and Complement C^ (Beringwerke A. G.) and FITC 
conjugated rabbit anti human albumen (Nordic Diagnostics). 
Foetal calf serum(FCS), used to prevent the non-specific 
binding of proteins, was obtained from Gibco Biocult and was 
heated at 56°C for 30 mins to inactivate complement components
At the termination of a run the plate was removed
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from the viscometer and washed in BIS. The plate was then cut 
into six equal pieces using radial cuts and then rewashed in 
BIS. Each piece of plate was then irrigated with 0.25 ml of 
one, and one only, of the FITC conjugated antibody reagents, 
which were made up by diluting the appropriate antibody to 
10% strength with a solution of 10% FCS in BIS. This resulted 
in each piece being labelled for a different plasma protein.
The FCS was added to prevent non-specific binding of the 
antibodies to the perspex. The pieces were incubated with the 
antibodies at room temperature, in the dark, for 30 mins. 
Unbound antibody was then washed .off with copious quantities 
of BIS plus FCS. The pieces were then shaken to remove BIS, 
and irrigated with 1 ml of 1:1 glycerol:BIS mixture,covered 
with a glass coverslip and sealed with shellac.
Plates subjected to BIS and to bovine blood during 
shearing were also stained in this manner to form controls 
for non-specific binding and cross reactivity respectively.
The slides thus prepared were viewed and photographed 
using a Zeiss Photomicroscope XTT, with an incident illuminator 
and Zeiss barrier filters 53 and 44, and interference filter 
KP500. Objective lenses used were both Planapochromatic, 
being either 40/1.0 oil or 63/1.4 oil. Illumination was 
provided by a Phillips caesium iodide CSI250W lamp. All 
observations were made in a totally darkened room.
Results
The results of the haemolysis experiments are
presented in Tables 6:1 and 6:2. The shear rates referred to 
are nominal shear rate^ as already' describee! and calculated
%  J from cone geometry only; where is the
j shear rate, W is the angular velocity of the cone, in rads/sec 
k kX I and K is the angle of the cone in radians. Plasma haemoglobin
k ' k'v I levels quoted are the means of each of tr ip lica te  sets of
i;:z ;k,:i measurements (C ), less the levels of the zero shear rate
,! a
I baseline (C, ) . The value C is  taken as the difference between b a
'',,k | the plasma haemoglobin level at the start of a run (C Q) and
/ • /' . ! ,
:$ -j that at the end (CX . Each individual measurement was
X v. ] normalised to a haematocrit of 40%. The mean maximum percentage
) deviation over a l l  points is  44% for whole blood, and 30% for
k /
k ’ } RBCs in BIS. The results are represented graphically in
; + k  , 0 +  ■ ] • "
Vk I Figures 6:2 and 6:3.
X- • k&k• ] A representative sample of the immunofluorescence
j. XZ.'kXv’ i results are shown in Plates 14 to21. (The complete set of
f ' ' ..V , . YiA i '
? ! ■k'k/;k-, /  I slides are available from the author on request). No
I' ■■/•ikV' • ;
| ki ] quantitative results can be deduced from the immunofluorescence,
jj but a qualitative assesment is  possible. Control plates i.e .
|i : ,V. - . ' ■
| •■kk ' ' . t hose  exposed to BIS and bovine blood were completely blank;
j , -z;k | '| • :;kv . as seen by an independent observer who had no knowledge of
jj / ’jr J the experiment. The plates were also observed under two 
Ii z . : ; ! different fluorescent microscopes.
I  1'kk. ■ ...kkfX -I Of the positive plates, those stained for fibrinogen
f 1 _/yXC/yK. j appeared typ ica lly as a uniform light covering interspersed 
m §:j heavy streaks. This pattern was observed to begin to . .
form between 0 and 2 minutes after exposure to blood. A small
♦ X x HetNormalised by X = __r______, where X = normalised haemoglobin
c 40 c
level, Xr= measured haemoglobin level & Hct= haematocrit of the
sample as measured in an haematocrit centrifuge.  ... ....... ........
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TABLE 6:1
Haemolysis levels employing RBCs in B.I.S,
|(C - C© - C j in mg%.
L ©j Hot 40
Time of exposure 
Nominal (mins) 2 5 10 15 30 60
shear rate
(sec )
600 15 23 •20 37 57 77
1200 10. 33 44 53 71 107
1800 21 35 .47 54 77 138
2400 ' 32 28 60 73 87 147
This table is represented graphically in Fig. 6:2
TABLE 6:2
Haemolysis levels using whole bovine blood.
f(C - Cp) - C j in mg%.L ° . DJ Hct 40
Time of exposure
Nominal (mins) 
shear rate
(sec-1)
2 5 10 15 30 60
600 1 2 2 4 2 6
1200 0 2 2 3 6 17
1800 2 3 7 11 10 27
2400 1 4 ’ 11 14 17 41
T h i s  t a b l e  i s  r e p r e s e n t e d  g r a p h i c a l l y  i n  F i g .  6 : 3
8
U
)
\
X
^
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Fig. 6:2.
Plasma haemoglobin liberated-in the viscometer after 
shearing for different times at different shear rates

Fig. 6;3.
Saline haemoglobin liberated-in the viscometer after 
shearing for different times at different shear rates.
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Immunofluorescence photographs of plates 
after exposure to blood.
Plate 14. Fibrinogen after 10 sec. at zero shear.
Magnification xl60.
Plate 15. Fibrinogen after 2 mins. at a shear rate of 600sec 
Magnification xl60.
Plate 16. Albumen after 2 mins. at zero shear rate.
Magnification x400.
Plate 17. Albumen after 30 mins. at 1800 sec*"1.
Magnification x400.
Plate 18. Albumen after 2 mins. at 1800 sec”1.
Magnification x400.
Plate 19. Bright fie ld  image of plate 18.
Magnification x400.
Plate 20. IgG after 10 sec. at zero shear rate.
Magnification x400.
Plate 21. IgM after 2 mins. at a shear rate of 1800 sec” . 
Magnification x400.
P l a t e s  14  -  2 1 .
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degree of fluorescence can be seen to be associated with 
white ce lls le ft adhering to the plate surface, although the 
larger of these, probably macrophages, seem to obscure the 
fluorescence completely. Clear patches are seen on the plate 
which do not correspond with ce lls, but are about the same 
size and shape as macrophages, and may be the result of ce ll 
removal during washing.
Albumen shows a characteristic covering which is t 
nebular in appearence and shows no holes where ce lls occur.
This pattern is observable from two minutes after exposure 
to blood.
IgM treated slides stained sparsely, which was 
observable only under 400x magnification, and appeared 
granular in structure. IgA showed l i t t le  fluorescence again 
being visib le in detail only after 30 minutes of shearing at 
1800 sec . IgG showed l i t t le  fluorescence overall, but was 
visib le in experiments under zero shear conditions. Complement 
showed l i t t le  fluorescence at any time.
Samples of plates exposed to human RBCs in BIS were 
tested for fibrinogen and albumen. These samples yielded the 
unanticipated results thaL after shearing,the fluorescence 
observed for fibrinogen and albumen was almost as dense as 
that observed in whole blood. The BIS was removed from this 
suspension by centrifugation at 1500g for 10 minutes and 
tested for protein content by the method of Lowry (1951) .
This was found to be only 1.4% of the total plasma protein 
content.
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The results of this study demonstrate a significant 
difference existing between haemolysis caused by exposing 
whole human blood to a shear time fie ld , and that caused by 
exposing RBCs in BIS to the same conditions. (Student's t-test 
for paired samples, with a confidence lim it at the 99.9% level).
Nichols and Williams (1976) have shown that plasma 
proteins cause a depression in mechanical haemolysis, probably 
by adsorbing to foreign surfaces with which the blood comes 
into contact. This seems to protect the blood ce lls from the 
surface, possibly by lowering surface energy, or covering 
binding sites on the surface. This mechanism is probably 
responsible for the effect observed in this work.
The rates of haemolysis,with respect to time,are 
greater in the period 0 - 5  minutes with RBCs in saline., but 
less so in whole blood. This leads to the observation that 
the greatest difference in haemolysis rates occurs in this 
region. Vroman and Adams (1969) have stated that some plasma 
proteins adsorb to foreign surfaces out of blood in a matter 
of seconds after exposure, and thus protection within the 
f ir s t  5 minutes is to be expected. The decrease in haemolysis 
rates in the experiment performed on RBCs in BIS was not 
expected, as theoretically no protein protection should occur. 
Depletion of available red ce lls by previous haemolysis was 
discounted as a cause, as the maximum free haemoglobin found 
• in the experiment represents only about 10% of the total 
blood haemoglobin, while depression of rates over the four
D i s c u s s i o n
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shear rates used, is more than this. Since the BIS was found 
to contain 1.4% of the total plasma protein, and since 
albumen and fibrinogen were found on the plates after two 
minutes, this may explain the depression observed. Since the 
depression in haemolysis does not reach a stable situation 
until about 10 - 15 minutes of shearing have been carried out, 
i t  would seem that something more than simple adsorption of 
protein is necessary to confer protection, -or.alternatively 
some other blood component is involved in this effect, A 
possible parameter affecting protection is the thickness of 
the protein film* Variations in this parameter would not be 
apparent with the immunofluorescent technique employed, as 
the FITC labelled' antibody molecules may bind only to the 
molecules on the surface of a protein film, be i t  a monolayer 
or many layered.
The degree of protection as a function of shear rate 
is less clearly marked. The ratios of the plasma haemoglobin/ 
shear rate slopes in Fig. 6:2, to those in Fig. 6:3, lie  
between 1 and 4.
The immunofluorescence experiments demonstrate that 
the proteins which adsorb more strongly to foreign surfaces 
are fibrinogen (or fibrin) and albumen. This is  in agreement 
with other studies
The non uniformity of the protein coat may be due 
either to local eddies in the blood, giving small areas of 
different flow conditions near the surface, or may be due to 
heterogeneities in the perspex surface, for instance, areas
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of increased surface energy.
The scarcity of immunoglobulins on the surfaces is 
probably due to their low concentration in the plasma in vivo. 
For instance, IgG normally circulates at a concentration of 
1250 mg/dlf IgA at 210 mg/dl and IgM at 125 mg/dl, as compared 
with albumen at 4000 mg/dl and its  large binding capacity is 
probably due to some inherent 'stickyness' of the molecule.
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THE EFFECT OF SURFACE ROUGHNESS ON SHEAR INDUCED HAEMOLYSIS
Introduction
Previous work (Stewart and Sturridge 1951; 
Weilogorski et a l .1976; James 1976) has shown that a relation­
ship exists between the roughness of a surface over which 
blood flows, and plasma haemoglobin levels, representing red 
ce ll damage, in that blood. Stewart and Sturridge ranked the 
surface roughness of various tubes through which blood flowed, 
and attempted to match plasma haemoglobin levels obtained in 
the blood in the tubes, with these rankings.The match of 
rankings obtained was not entirely conclusive, probably since 
tubes made of different materials were used. The.se materials 
may have had their own effects upon the haemoglobin liberation 
mechanisms, over and above the effects of surface roughness. 
Weilogorski et al (1976) have attempted to overcome this 
problem by using sets of tubing a l l made of P.V.C., but 
extruded at different temperatures. When viewed at about a 
thousand times magnification the tubes extruded at low 
temperatures show a greater surface roughness than those 
extruded at a high temperature. Tubes extruded at intermediate 
temperatures show intermediate roughness. The tubes were 
wound into coils and bubble-free blood was pumped through them 
using a ro lle r pump. Haemolysis was measured by increase in 
free plasma haemoglobin, and the maximum rate of haemolysis
C H A P T E R  7
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was found to occur in the roughest tube at the start of a run, 
while the lowest rate was found in the smoothest tube. After 
about one hour of pumping, tHe rates tended to be the same in 
a ll the tubes used. Although this shows some relationship 
between surface roughness and blood damage, i t  is d if f ic u lt  
to draw quantitative conclusions, as surface roughness is 
d if f icu lt  to quantify.
Several parameters may be thought to contribute * 
towards the quality of 'roughness1, for instance, peak to peak 
distances between raised portions of a surface; height of 
peaks in the surface; the slope of the side of peaks; or the 
number of peaks per square unit of surface area. An attempt 
at quantifying these parameters has been made (Davy 1974), 
either by measuring the surface with a 'Talysurf* surface 
stylus meter, or by observation of the surface by scanning 
electron microscopy (SEM). The Talysurf measurements are more 
readily interpretable, as the surface topology is reproduced 
as a line on a chart, following the surface contours. This 
method has the disadvantage of representing a surface, 
variable in three dimensions, as a two dimensional graph, thus 
only an average figure for the roughness may be obtained.
While the technique of observing the surface at about 2000x 
magnification by SEM overcomes this disadvantage, i t  
introduces the problem that actual measurements cannot be 
taken from the electron micrographs, only estimations. The 
quality,of roughness has been quantitised as two parameters 
(James 1976) either the average peak height or the average
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peak to peak distance, each divided by the average peak 
diameter to render i t  dimensionless. These parameters are 
based upon averages and are thus not precise.
An associated problem with measurements involving 
roughness is that the rougher a surface, the greater the 
surface area of material contained in a square unit of surface 
at the macroscopic level. The total surface is thus expanded 
and so the total surface energy of the surface is  increased. 
Thus the rougher the material the greater total surface energy 
i t  has.
To try to overcome these problems i t  is necessary 
to produce a surface of a predetermined nature. This surface 
would have to be to ta lly  regular in its  roughness, and 
preferably variable in two dimensions only, to fac ilita te  
measurements. The surface required then would consist of a 
series of vee or rounded,bottom and top,parallel grooves, at 
the micron level.The peaks should be spaced at,for instance, 
0.5, 1.0, 2.0, and so on microns apart in different samples.
Production of rough surfaces
The possib ility of machining the required surfaces 
was investigated. F irs tly  a lapping paste with a nominal 
particle size of 5 micron was used on a lapping wheel. A
piece of standard transparent perspex 3mm thick and 3 cm square
was placed on the wheel so that the lapping compound was drawn 
across the face of the perspex in one direction only. (It was
hoped that this process would produce parallel scratches
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across the plate surface in such a manner as to produce the 
type of surface required. Subsequent observation under SEM 
showed that this method was not adequate since a random 
surface texture was produced.
Inquiries were made as to the possib ility of cutting 
the required grooves by machining. However, to produce just 
one plate of a size to f i t  the cone-plate viscometer employed 
in these experiments would take several weeks, and thus this 
method was also not feasible.
An ideal surface for these investigations is found 
on diffraction gratings as used in optical instruments. 
Depending upon the wavelength of the fringes which the grating 
is designed to produce, regular grooves are produced in the 
grating surface at various spacings. The surface of the 
grating is thus 'dogtooth' in appearence at the micron level.
Since the composition of the surface coating of 
diffraction gratings was not known, and also since many 
plates would be required for the experiments envisaged, some 
method of copying the surface of the grating was required.
A set of damaged gratings were acquired from the Physics 
department of this university, and two were spread with a 
preparation of Araldite electron microscope embedding medium. 
After hardening of the 1 mm thick layer of Araldite i t  was 
found to be impossible to separate the cast from the mould.
The method was thus repeated using a freeing solution sprayed 
onto the grating before the application of Araldite. The cast 
s t i l l  adhered to- the mould too strongly to separate the two*
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A technique used in scanning electron microscopy to 
copy surfaces was then employed. This consists-of softening 
a piece of flexable acrylic sheet in a small amount of acetone 
and applying i t  to the surface to be copied. Thus a diffraction 
grating was taken and a piece of acrylic sheet, sold 
commercially as overhead projector sheets, was cut just 
larger than the size of the grating. A few drops of acetone 
were placed on one edge of the grating and the acrylic sheet 
rolled onto i t  excluding a ir bubbles from the acetone. The 
sheet was le ft for a minute to dry and then peeled off the 
grating. That this had made a fa ithfu l copy of the surface 
could be checked by observing that/the coloured-diffraction 
fringes produced by :the grating and the copy were similar.
Since the diffraction grating surface became 
damaged after a few applications of acetone, an Araldite copy 
of the f ir s t  acrylic copy was made by sticking the acrylic 
copy to a sheet of oiled perspex and covering i t  with a film 
of electron microscopy grade Araldite epoxy resin. After 
hardening, the Araldite could be lifted  off the perspex and 
the acrylic sheet peeled off to produce an epoxy resin master 
copy. The diffraction fringes were again checked against the 
orig:i nial. Acrylic sheet copies could then be produced from 
the resin master copy and used in the experiments.
Diffraction gratings of the overall size required
to f i t  the Ferranti Shirley cone-plate viscometer were
prohibitively expensive and thus a set of secondhand, but
1
undamaged, gratings were obtained from Diffraction Gratings Ltd,
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Crawley, Sussex. The gratings were 2.5 cm square and thus 
i/9th the area required. They were designated 118, 236, 394, 
and 590 lines per mm and thus corresponded to peak 
distances of 8.47, 4.24, 2.54 and 1.69 microns
respectively. This was thought to be a useful range as i t  
is comparable” with the size of a red blood ce ll.
Master epoxy copies were made of the diffraction 
gratings as described and also a copy was made of a smooth 
glass surface in the same manner to serve as a control.
To produce one standard roughness plate to f i t  the 
viscometer, nine acrylic copies of the relevant epoxy master 
were made, and trimmed exactly square. A square sheet of 3 mm 
thick perspex, cut to f i t  the viscometer, was covered with 
double sided adhesive tape, and the acrylic copies stuck to 
i t  edge to edge to form a square three sheets by three sheets. 
These plates were then washed in d is t illed  water and dried.
A ll diffraction lines in the nine acrylic copies ran in the 
same direction on the plate. The plates were then ready for 
use.
Samples of the surface of each plate were taken and 
attached to SEM stubs. These were then gold-palladium sputter 
coated and observed in the SEM. Due to several factors 
including the restricted depth of fie ld  of the instrument at 
high magnification; the nature of the surface; and some unknown 
factors,a clear picture of the surface was impossible to attain. 
The peak to pealc distance and angle of slope of the peak sides 
were thus derived from the figures supplied by the grating
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manufacturers, i.e . lines per mm and blaze angles.
Experimental pro:c e..d.ures
A Ferranti cone and plate viscometer was used as 
described in chapter 5.. The plates used were prepared as 
described above. Fresh bovine blood was collected from the 
jugular vein of cattle during slaughter and anticoagulated 
with ACD as described in chapter 5. The blood was then either 
stored in glass at 4°C for use thenext day or centrifuged at 
for 10 minutes and resuspended in BIS (pH 7.4). The cells were 
recentrifuged and resuspended in BIS to the origional blood 
haematocrit.
These experiments were performed using RBCs in BIS 
as opposed to whole blood as the protective effect of plasma 
proteins would contribute another uncontrolled factor to the 
results. Before each day's experiments the RBCs in BIS were 
observed under light microscopy for gross abnormality.
At the start of an experiment a plate, either a 
smooth control or one of the roughness plates, was placed in 
the viscometer and the cone tip  to plate gap adjusted to 
0.0015 inches. The viscometer and plate were then brought to 
37°C by means of the integral o il bath, and 8 ml of RBCs in 
BIS added to the plate with a 10 ml G ille tte  syringe. The 
cone was then racked to position, turning slowly to exclude 
a ir bubbles, and then run at a predetermined speed for a 
predetermined time,(viz 0, 100, 200 or 300 rpm for 0, 5, 15,
30 and 60 minutes). At the end of a run a 1 ml sample of RBCs
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in BIS was then taken from the plate by Pasteur pipette and 
placed in a glass centrifuge tube, being careful not to trap 
a ir bubbles. The sample was then centrifuged at 1500g for 10 
minutes and the supernatant removed and tested for free 
plasma haemoglobin by the 0-toludine test (Appendix A). A ll 
experiments were done in trip licate; the closest two sets of 
results were taken and the third discarded. This was justified 
as occasionally a part of the plate surface would l i f t  thus 
obstructing blood flow, and also occasionally a ir would get 
into the blood sample. These occurances were recorded and 
invariably this set of data discarded.
The free haemoglobin levels for the various times 
and shear rates were then related to various parameters of 
roughness to seek a correlation.
Results
The saline haemoglobin levels measured are 
presented in Table 7:1, and represented graphically in 
Figs. 7:1, 7:2 and 7:3. No attempt at curve plotting has been 
made due to the small number of time points for each run, but 
points were joined by straight lines.
Analysis of results
F irs tly , free haemoglobin levels were plotted 
against shear.rate, or more precisely, nominal shear rate. The 
area under these curves was then measured by the trapezium 
method. This parameter embodied information about the blood
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Roughness tests: Free haemoglobin in mg% against 
time of shearing and speed of cone rotation.
T A B L E  7 : 1
Time (mins) 0 5 15- 30 60
Cone speed
(rpm)
Control
plates 0 7 12 10 21 208 10 16 20 20
100 20 25 21 34 4923 22 36 41 47
200 10 36 66 85 1017 22 49 73 *200
300 10 50 96 2 0012 39 107 250
236
lines/mm 0 9 12 16 19 318 5 14 14 43
100 7 34 49 99 2207 31 84 113 220
200 12 • 15 27 64 2249 35 33 46 200
300 12 31 *200 308 576
• 13 56 156 248 420
118
lines/mm 0
100 5 7 23 28 533 5 6 21 65
200 7 61 118 220 2209 32 87 158 252
30Q 6 63 220 272 4167 32 99 236 416
continued over
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T A B L E  7 : 1  c o n t .
Cone speed 
(rpm)
T i m e  ( m i n s )  0 5 15  3 0  60
590
lines/mm
100 7 12 24 99 107
7 23 50 63 107
200 9 13 42 78 176
7 10 42 64 107
300 4 25 130 2 72 5485 37 78 2 72 520
394
lines/mm 0
100 35 18 78 78 125
16 20 50 64 82
200 6 35 106 480 9^00
18 42 140 200 480
300 23 480 720
Notes: 1. A blank represents unmeasurable samples.
2. Approximation signs indicate the extrapolation 
of the o-tolidine standard curve.
3. 394 lines/mm epoxy master damaged and so runs 
discontinued.
T h i s  t a b l e  i s  r e p r e s e n t e d  g r a p h i c a l l y  i n  F i g s .  7 : 1 ,  7 : 2 ,  &
7 : 3
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Hb mg% F i g .  7 : 2 . E f f e c t s  o f  s u r f a c e  r u g o s i t y
Shear setting
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red ce ll damage and also the shear rate inducing this damage. 
These areas were then plotted against time (Fig. 7s4). I t 
was found that these points were nearly linear with respect 
to time. The slopes of these lines were then measured to give 
a parameter describing the red ce ll damage sustained by a 
certain range of shear fields, over a discrete time interval.
These parameters were then plotted against the peak to peak 
distance of the various roughnesses used. A curve with 
maximum damage parameter measurement at about 2,5 microns 
resulted. (Fig. 7:5).
Discussion
The two most striking observations from the results 
are f irs t ly , that there is a maximum amount of red ce ll 
damage occuring at a roughness spacing of 2.5 microns.
Secondly, there is a linear relationship between the area 
under the shear rate /  free haemoglobin curves and the time 
of shearing.
The red ce ll population consists of a range of cells of 
differing mechanical strength ( Ponder,E. 1948 ). The most fragile 
of these cells appear to liberate haemoglobin at a lower shear 
stress than the less fragile ce lls. Thus an increasing 
relationship is found between liberated haemoglobin and shear 
rate. The area under this curve represents the total haemoglobin 
liberated with respect to shear rate. This parameter is 
therefore a reflection of the whole red ce ll population's 
response to shear rate. When this area is plotted against
Shear damage 
 ^a rpm mg% 2 1 0
Fig. 7:4. Area under damage/shear curve versus time 
for different roughnesses (corrected to 0)
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time the resulting linear relationship implies that in a 
hypothetical population of red ce lls of equal mechanical 
strength/ equal amounts of haemoglobin would be liberated in 
equal time intervals anywhere in the time axis.-
I f  the most important factor affecting haemolysis 
was the shear stress in the flu id  surrounding the red ce lls,
when a c r it ic a l bulk shear stress is achieved in this
hypothetical red ce ll population, a l l  the ce lls should 
haemolyse at the same time. However, i f  the most important 
factor affecting haemolysis is the red cells* interaction 
with a constraining surface, then the haemolysis w ill proceed 
at a rate governed by the number of red cells approaching 
this surface per unit time. Since,during consecutive time 
intervals, the flu id  behaviour of the RBCs in BIS w ill not 
change, then the -number of red ce lls interacting with the 
constraining surface in any unit time interval w ill be equal
to those interacting in any other unit time interval.
In the f ir s t  case,above,the area/time graph would 
attain an immediate high level reducing quickly to zero; in 
the second case, above, a linear rising graph would result. 
The observation that the slope of this graph is  governed by 
the surface texture further supports the hypothesis that red 
ce ll surface interaction is the most important factor in 
causing mechanical haemolysis.
The effect of surface roughness on haemolysis is
s '
presented in Fig. 7:4. The slope of the area/time graphs are 
plotted against the distance between peaks on the appropriate
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diffraction grating. A maximum value of haemolysis at 2.5 
microns results. Three possible explanations for this 
phenomenon exist* F irstly , that peak-to-peak distance, and 
only this, is the controlling factor affecting haemolysis. 
Secondly, that some two factors affect haemolysis, one 
increasing with increasing peak-to-peak distance, and one 
reducing with this distance. Thirdly, that haemolysis is 
related not to peak-to-peak distance per se, but to some 
secondary function of the surface roughness.
An example of the f ir s t  explanation depends upon 
Kochen,s results (1966) showing that red ce lls, when stretched, 
form tethers of mean diameter 1.6 microns. This implies that 
the diameter of the end of the tether is also 1.6 microns.
This is a size of similar magnitude to the peak-to-peak 
spacing at maximum haemolysis. Therefore a possible explanation 
of the phenomenon is that at peak-to-peak spacing of less than 
about 2 microns the ce ll cannot distinguish a rough surface 
from a smooth one. At over 2 microns the ce ll can f i t  between 
two peaks and either adhere to the surface, or the membrane's 
ab ility  to bend may be exceeded and thus cause the membrane 
to rupture. At greater than 3 microns, due to the ce ll's  
f le x ib ility , the surface may again appear smooth.
An example of the second possib ility would be that 
at peak-to-peak distances of less than about 2 microns, ce ll 
rupture due to the ce ll membrane exceeding its  bending 
capability occurs. At greater than 3 microns haemolysis by 
tethering predominates, there being more surface available
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than on a smooth plate. At about 2.5 microns both effects 
occur thus explaining the haemolysis maximum at this point.
An example of the third possib ility would be that 
the total surface available for ce ll tethering may be more 
important than peak-to-peak distance. To calculate the surface 
available for tethering, the angle of the side of the peak 
(the blaze angle) must be known.
The gratings used were a g ift, and also secondhand, and the 
supplier is not able to provide the blaze angles required.
As explained previously SEM photographs of the surface were 
also not available due to technical d ifficu lt ie s . The supplier 
was eventually able to provide a number of possible blaze 
angles for three of the gratings, and the total surface area 
in one square centimeter of grating was calculated for each • 
angle. The possible areas are shown in Table 7:2. It is seen 
that, observing error margins, i t  is just possible to rank
the areas in an ascending order of damage, i.e . control,
2 2 2 2.42 cm , 2.83 cm and 5.98 cm . However, since no confidence
can be placed in the choice of blaze angles associated with
each grating,-this ranking has l i t t le  meaning.
Conclusions
Red ce ll damage, in the absence of protective
- 1  - 1proteins, m the shear rate range 600 sec to 2400 sec
and between 5 and 60 minutes of shearing is due to cell-foreign 
surface interaction. Furthermore, the foreign surface topo­
graphy governs the rate of haemolysis. Regarding roughness
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peak-to-peak distance as a single involved factor, a peak~to 
-peak distance of approximately 2.5 microns is most damaging 
to red cells.
TABLE 7:2
Surface areas of the defraction grateings used.
Peak to peak distance Total area in 1 cm of grateing
1.64 p  
2.52 p
4.24 p  angle 1 
2  
3
8.48 p  angle 1 
2
«c p  (control)
5.98 cm 
not available 
2.38 cm2 
2.83 cm2
2.12 cm'
2.42 cm"
8.92 cm'
i n  r<t1.0 cm
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MICROSCOPICAL OBSERVATIONS OF ERYTHROCYTES IN CONTACT WITH 
FOREIGN SURFACES
Direct observation of red blood ce lls in contact 
with foreign surfaces may yield useful information about the 
actual mechanism of haemolysis. The cells can be observed at 
two levels of magnification, either under the light, or under 
the electron microscope. The light microscope offers the 
advantage that liv ing cells may be observed, but the lim it to 
magnification is about 1000 diameters. The electron microscope, 
either the transmission or the scanning type, requires fixed 
and dehydrated specimens, but magnifications of up to 50,000 
diameters are possible with these instruments.
Light microscopy observations
F irs tly  i t  was necessary to observe tether formation 
and behaviour, feigning no prior knowledge of this phenomenon, 
in order to establish agreement, or otherwise, with previous 
work. Secondly, i t  had to be established whether tethers are 
attached to the substratum at their end point only, or at 
any other point as well. Thirdly the closeness of contact '• 
between red cells and substrata needed to be measured.
Either a Zeiss research bench microscope, fitted
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with lOx, 40x, and lOOx Zeiss apoehromat objectives, or a 
Zeiss photomicroscope II was used in these observations. The 
photomicroscope II was fitted  with Zeiss 4x, lOx, 40x, and 
lOOx objectives, the 4x, lOx, and lOOx being apochromats and 
the 40x being a Zeiss neoflgor. The microscope could also be 
fitted with a Zeiss lOx, and 40x phase objectives and a phase 
condenser for phase contrast microscopy. For Nomarski optics 
the photomicroscope was fitted  with a Zeiss Wallaston prism 
and cross f ilte rs . This instrument also had a 1.4 Optovar.
A flow chamber was constructed from 2mm thick 
perspex as in Fig. 8:1. This flow chamber was mounted on the 
stage of either microscope.
Fresh human blood was collected via venapuncture 
and immediately suspended in A.C.D. This was then used either 
without dilution, or diluted 1:100 in buffered saline.
Experimental proceedures
In it ia lly , observations were carried out as follows 
the flow chamber was placed on the microscope stage and the 
in let pipette f il le d  with A.C.D. blood. This flowed under 
gravity through the 51 gauge hole and thence between the 
perspex block and coverslip, f ina lly  leaving the second 51 
gauge hole and outflow pipette. Under 40x magnification the 
red ce ll density was too great to observe the perspex surface 
and so thereafter a 1:100 blood dilution in saline was used. 
By focusing upon the perspex surface, red ce lls could be 
seen to approach the surface, strike it ,  and thenmove off
2 1 8
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Fig. 8:2 Plan view of above.
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again. L itt le  red ce ll attachment could be observed using 
this method. Red cells occasionally appeared to1 halt 
completely during flow for a period considerably less than 
one second. They would then move on again at their original 
speed.
In order to observe tether formation, a drop of 
undiluted A.C.D. blood was placed upon a clean glass coverslip 
and allowed to stand for 15 minutes. The coverslip was then 
inverted and placed onto the flow chamber. The in let pipette 
was then f il le d  with buffered saline to establish a flu id  flow 
over the cells attached to the glass coverslip.
In an attempt to measure closeness of contact 
between any adhering cells and the coverslip, a method 
devised by Curtis (1964) was used. This technique was'used 
originally for measuring the closeness of contact between 
fibroblasts and glass. Optical interference^ fringes occuring 
due to the gap between the fibroblasts and glass were exploited 
by this method. However, using the flow ce ll described, the 
presence of the coverslip prevented measurments by this 
method being made.
Observations and discussion
Using RBC's diluted in saline flowing through the 
flow chamber, as stated previously, cells momentarily stopped. 
This occurred infrequently, about once every 3-4 minutes in the 
4Ox objective fie ld  of view. This was observed only when the 
microscope was focused on either the glass or perspex surface.
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The ce ll would halt and b rie fly  attain a teardrop shape then 
move on again at its  previous speed. It is suggested that this 
phenomenon represented a tether formation, and possibly even 
a red ce ll damage event. The ce ll may stick to the surface, 
form a short tether under the influence of the shear fie ld , 
and then the tether detaches or ruptures, allowing the ce ll 
to move on.
Using the technique of allowing red ce lls to settle 
on the coverslip and then placing this in the flow chamber, 
a great many tethers could be observed. Upon in itia tion  of 
saline flow over adhered ce lls, they could be seen to form 
teardrop shapes, attached to the coverslip by short tethers 
of about 1-2 microns in length. In a majority of cases, 
increasing the flow rate of saline over these ce lls, caused 
them to detach and flow away. However, in some cases the ce ll 
changed from its  teardrop to a more spherical shape, and 
moved across the fie ld  of view very much more slowly than 
detached cells flowing free in the saline. It is suggested 
that the ce ll was s t i l l  restrained by attachment of paft of 
its  structure to the surface, although this structure was not 
v isib le. When the ce ll was about 100 microns from its  original 
sticking position i t  suddenly regained the speed of the 
surrounding free ce lls. I t is suggested that this observation 
was of the non visib le ce ll attachment breaking. These long 
tethers were viewed under both phase contrast and Nqmarski 
interference optics in order to try to make the structures 
visib le. This was partia lly succesful, in that under phase
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a streak across the fie ld  was thought to be seen. This was 
very faint and its  being a product of immagination could 
not be discounted.
The two different forms of attachment can be 
explained by the theory previously stated in chapter 3. That 
is, that the red ce ll can attach to surfaces in two ways.
Either the whole membrane can attach forming short tethers, 
or only the viscous component attaches thus allowing a long 
tether to form. This theory is consistent with the observations 
that short tethers reach a particular length, and maintain 
that length under a constant flow rate, implying'an elastic 
component. The long tethers carry on lengthening, under a 
constant flow rate, until detachment or breakage, implying 
only a viscous membrane component is involved.
In order to establish whether ce lls are in fact 
joined to the substratum by the end of their tethers only, or 
by the whole length of the tether, the in le t pipette was 
fitted with a syringe so that flow in the chamber could be 
rapidly reversed. Tethered cells were established as above, 
and by pulling on the syringe plunger, the saline flow was 
reversed. The tethered cells could be seen to pivot around 
the end of their tethers, implying that the ce lls are joined 
to the substratum by the end of the tethers only.
Scanning electron microscopy observations 
Apparatus
Microscopical observations were carried out on
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either a Cambridge 1stereoscan' scanning electron microscope 
(SEM), or an International instruments 1 miniscan1 SEM.
The Ferranti-Shirley viscometer was used as described 
in chapter 5. The perspex flow chamber was used as described 
in the light microscopy section of this chapter. Bovine blood 
was collected at slaughter and anticoagulated in A.C.D. as 
described in chapter 5. Neutral buffered formal saline (NBFS) 
was prepared as 10% formaldehyde in 9% saline (Wason - 1978).
Freeze drying was carried out on an Edwards laboratory freeze 
dryer.
Experimental procedures using the viscometer
Clean perspex plates were used throughout these 
tests. 8 ml of whole bovine blood plus A.C.D. were loaded into 
the viscometer, which was run for various times at various 
shear rates. At the conclusion of every run, the perspex plate 
was carefully removed from the viscometer and gently rinsed 
in isotonic saline. The plates were then immersed in NBFS 
overnight at 4°C. The following day the plates were removed 
from fixative and washed in three changes of d is t ille d  water 
to remove the fixative, especially any para-aldehyde crystals 
which may have formed. A piece of the plate, about 5 mm x 5 mm, 
was then removed with a hacksaw. The site of sampling was 
kept constant at about 2 cm from the plate centre, on a radius. 
The sample was then placed gently down on a glass coverslip, 
and put onto the stage of a freeze dryer, and freeze dried at 
maximum evacuation and -80°C for 4 hours.
The sample was then removed and stuck, face upwards, 
to an aluminium SEM stub with double sided adhesive tape. The 
perspex sample was vacuum coated with gold/palladium to form 
a conducting surface; and a good electrical contact made 
between this surface and the stub with the collo idal silver 
compound, s iIver DAG.
The specimens were then viewed in the Cambridge 
stereoscan SEM and photographed with the integral camera on 
Ilford FP4 black and white film.
Observations
Several artifacts can be induced with the microscope 
alone. Plate 8:1 shows one such artifact*. This balloon is 
caused by the electron beam, accelerated at 20 Kv, being 
focused on a small area of the perspex and burning it .  A 
structure almost identical to this one has been interpreted 
as a fine surface structure in dental amalgams caused by metal 
particles rising to the surface during manufacture.
In Plates 8:2 and 8:3, the plate surface after 
exposure to blood at shear rate 1000 sec”1 for 30 minutes is 
seen. Magnification of lOOOx at an accelerating voltage of 
10 Kv is used to avoid beam damage. In Plate 8:2, a variety 
of red ce ll shapes can be seen. A ll cells show some degree of 
crenation, with a ce ll about dead centre of the fie ld  becoming 
an echinocyte in Bessis' nomenclature.
In Plate 8:3, apart from more damaged red cells,
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Plate 8:1.
Beam damage at 20KV accelerating voltage.
1,000 x
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P l a t e  8 : 2 .
- 1Shearing at 1000 sec - for 30 mins.
1,000 x '
Plate 8:3. 
>0 s e c ” 1 ! 
1,000 x
- 1Shearing at 100  -for 30 mins
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Plates 8:4, 8:5, and 8:6 show the results from a 
test performed with two day old blood, sheared for 30 minutes 
at 1000 sec”*1*. Perhaps due to the age of the blood a more . 
severe form of damage can be seen. Red ce lls appear to have 
become acanthocytes in Bessis1 terminology. This form of 
damage does not allow reversion to discocyte shape. The ce ll 
bodies are between 5 and 6 microns long and the ta ils ' between 
5 and 8 microns long. The possib ility  exists that the ta ils  
seen in these SEM photographs are equivalent to the red ce ll 
tethers observed under light microscopy.-Several smaller 
bodies can be seen on the plate surface, these are about 1 
micron in diameter and are a l i t t le  small to be platelets.
Plate 8:7 shows a ce ll from the same surface 
intermediate in damage. This is a good example of an echinocyte 
III, showing ce ll projections over the whole surface. It can 
be seen that the projections on the underside appear to be 
resting upon the surface quite normally.
Tests performed at shear rates other than 1000 sec 
yielded similar results to those described, but some interesting 
structures were observed which w ill now be presented.
Plate 8:8 shows the perspex surface after 5 minutes 
of shearing at 1200 sec magnification 2000x. The objects 
appearing on the surface are too small (approximately 3 microns) 
to be whole red ce lls , but may be parts thereof. The perspex 
surface near the top of the frame has a different appearance 
to the rest of the surface. This may represent areas of
s m a l l e r  s t r u c t u r e  c a n  b e  s e e n ,  t h e s e  m a y  b e  p l a t e l e t s .
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Plate 8:4.
Shearing at 1000 sec -for 30 mins.
1,000 x
Plate 8:5.
Shearing at 1000 sec -for 30 mins.
2,000 x
/

P l a t e  8 ; 6 .
)0 s e c ” 1
2 , 0 0 0  x
S h e a r i n g  a t  1 0 0   f o r  3 0  m i n s .
Plate 8:7.
Shearing at 1000 sec”1 for 30 mins.
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Plate 8:8.
Shearing at 1200 see”1 for 5 mins.
2,000 x
Plate 8:9.
- 1Shearing at 2500 sec - for 30 mins.
5,000 x
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incomplete or no protein deposition, or alternatively, areas 
of perspex damaged during manufacture.
Plate 8:9 shows the perspex surface after 30 minutes 
of shearing at 2500 sec""'1', at 5000x magnification. The lower 
half of the frame gives a strong appearence of a partia lly  
removed coating on the perspex surface. This looks very 
similar to areas of protein coat removal seen in the 
fluorescence micrographs in chapter 5. It is postulated that 
this photograph represents the protective protein coating 
being damaged during shearing.
Plate 8:10 shows what is presumably a red ce ll 
flattened onto the surface. This photograph is taken at 5000x 
magnification after 5 minutes of shearing at 1200 sec . This 
flattening may be due to an artifact of drying, although this 
structure is  only rarely seen, and would be expected 
frequently i f  i t  were a preparation artifact. I t may be a 
partia lly  haemolysed red ce ll.
Plate 8:11 shows a frequently observed effect at 
higher shear rates. These marks look like either red ce ll 
membranes or parts thereof, flattened onto the surface, or 
possibly places where the surface has been damaged by the red 
ce ll. Plate 8:12 shows these objects at a higher magnification 
(10,000x) and towards the bottom of the frame can be seen 
what appears to be the remains of a short tether. Plate 8:13 
shows a surface at the same shear rate but after 30 minutes. 
The structure towards the le ft of the frame definitely appears 
to be a red ce ll membrane flattened onto the surface. This
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Plate 8:10. 
10 sec”1 
5,000 x
Shearing at 120  for 5 mins.
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Plate 8:11. 
- IShearing at 2500 sec - for
2,000 x
Plate 8:12. 
Shearing at 2500 sec”1 for
10,000 x
mins.
mins.

- 1Shearing at 2500 sec for 30 mins,.
P l a t e  8 : 1 3 .
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structure is not necessarily the same as those seen in Plates 
8:11 and 8:12.
In an attempt to decide whether these marks were 
part of the perspex or discrete objects, the microscope's 
electron beam was focused onto the edge of the mark. The mark 
separated cleanly from the surrounding perspex implying this 
to be an actual object and not a mark upon the surface of the 
perspex.(Plate 8:14)
In order to observe tethers more easily, the flow 
chamber was used as in the light microscopy section of this 
chapter.
Experimental proc e diures using the flow chamber
The flow chamber was set up as previously described. 
Whole bovine blood with A.C.D. was placed on a glass coverslip 
and le ft for 5 minutes. The coverslip was inverted onto the 
chamber and this was placed on a light microscope. NBFS was 
allowed to flow through the chamber in an attempt to f ix  the 
cells in a tethered position. After 5 minutes of flow, the 
glass coverslip was removed from the chamber and placed in 
NBFS at 4°C overnight. The coverslips were then broken to 
pieces, about 3 mm square, and dehydrated in ascending acetones. 
These specimens were mounted on SEM studs and gold /palladium 
coated as before. They were then viewed under the miniscan SEM.
Plate 8:15 shows a general surface view at lOOOx 
magnification. Plate 8:16 shows another part of the same surface 
at 2000x magnification. L itt le  evidence of ce ll distortion due
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Plate 8:14. 
.t 2500'S€ 
10,000 x
After beam burning a 00-sec”1 for 10 mins.
Plate 8:15. 
Cells in flow chamber.
1,000 x
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Plate 8:16. 
Cells in flow chamber.
2,000 x
Plate 8:17. 
Cells in-flow chamber.
2,000 x
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to shear rate can be seen. This may be because the 5 minute 
fixation was not long enough to prevent the cells returning 
to their original shape. The test was thus repeated using a 
15 minute flow fixation.
Plate 8:17 shows a general surface view of the 
coverslip from this test at 2000x magnification. The cell 
deformation is a little more obvious,although not to such a 
degree as that seen under the light microscope, implying that 
the cells were not completely fixed after 15 minutes. Again, 
structures which look like cell membranes flattened onto the 
surface can be seen. In this case some cells appear to be 
drawn out (arrowed). No evidence of long tethers can be seen 
in these photographs or even at a higher magnification (Plate 
8:18).
The photomicrographs shown in this chapter add 
further weight to the hypothesis that mechanical haemolysis 
is caused, at least in part, by cell surface interaction, 
probably mediated by tethering.
Transmission electron microscopy (TEM)
In order to observe the point of contact between 
the red cell and any surface with which it is in contact, it 
is necessary to stick red cells to a suitable surface and fix 
them while under shearing conditions. It is then necessary 
to embed them in epoxy resin and section them at right angles 
to the substrate surface and observe them under high 
magnification.
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Plate 8:18. 
Cells in flow chamber.
5,000 x
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A JeollOOCTEM was used for viewing sections. The 
flow chamber was used as described in the light microscopy 
section of this chapter.
Experimental pro c e d .ures
In order to make a suitable substrate for microscopy, 
a 2 mm thick slab of gelatine(8 g in 100 ml water) was cast. 
This was then fixed in a solution of 3 ml 25% gluteraldehyde 
in 77 ml 0.1M phosphate buffer, pH 7.3. This was then stained 
in 0.1% osmium tetroxide, overnight,,to show it as being the 
substrate when viewed under TEM. This slab was then cut to 
the same dimensions as the flow chamber and mounted upon it.
Two holes were cut in the gel to allow the blood to pass 
through it, and a glass coverslip was sealed on top of the 
flow chamber as before,using vase.lj;ne. (Fig. 8:2)
Fresh bovine blood plus A.C.D. was placed upon the 
gelatine and allowed to stay there for 5 minutes. The cover­
slip was then placed upon the chamber and isotonic saline 
allowed to flow through it. The saline was then gradually 
replaced with 1% glutaraldehyde in 0.1M phosphate buffer, 
pH 7.3 for 5 minutes. Observation under light microscopy 
showed the tethered red cells to be fixed after about 1 minute. 
The gelatine slab was then removed from the flow chamber and 
fixed in 1% glutaraldehyde at 4°C overnight. The whole gel 
was cut into pieces about 2 mm square, which were then 
dehydrated in ascending alcohols and left in .the final absolute
Apparatus
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alcohol overnight. Four pieces were taken which were known to 
have come from the portion of the gel marked ’A* in Fig. 8:2,
and allowed to air dry. These were then immersed in pure
araldite CY212; then araldite CY212 plus DDSA; then CY212 
plus DDSA plus dibutyl pthalate, each for 24 hours to infiltrate 
the specimen with araldite. The specimens were then transferred 
to araldite CY212 embedding mixture (araldite CY212 45g, DDSA 
40g, DB pht 4g and DMP 306g) which was allowed to harden 
overnight in BEEM capsules.
The specimens were then trimmed so that the junction 
between the black gelatine and araldite ran across the face 
to be cut. (Fig. 8:3). These sections were then given to the 
Structural Studies Department, University of Surrey, for 
cutting and staining. The specimens were mounted in an
ultramicrotome and sections cut,’ four of which were mounted
on electron microscope grids. These were then stained in 
osmium tetroxide and uranyl nitrate and observed in the TEM.
Observations and discussion
Upon scanning the four grids prepared, three red 
cells or red cell groups were observed. These are shown in 
Plates 8:19, 8:20, and .8:21. In Plate 8:19 a section through 
one or perhaps two red cells can be seen closely adjacent to 
the gelatine surface (arrowed). Plates 8:20 and 8:21 show more 
cells, Plate 8:21 having the appearance of a normal discocyte.
No slides contained a cell actually touching the surface,but 
the cell in Plate 8:19 comes within 0.5 microns of doing so.
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Plate 8:19.
Red cell near gelatine surface.
10,000 x
Plate 8:20.
Susequent serial sections of above.
10,000 x
Plate 8:21.
Red cells approaching surface.
12,000 x
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The sections have been cut through cells presumably attached 
to the surface, but not through the cell's point of attachment.
Future work using this technique, which has now been 
shown to be feasible, should be directed towards repeating the 
experiment, cutting many more sections until a cell/surface 
junction is observed, which could then be observed at much 
higher magnifications, say 100,000x. It would then be possible 
to look for membrane protruberences etc. which may cast more 
light upon the actual mechanism of red cell adhesion to 
substrates.
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CONCLUSIONS
Conclusions of two types may be drawn from this thesis. 
Firstly, implications can be drawn from several, so far, 
unrelated pieces of.previous work, thus yielding novel 
conclusions. Secondly, conclusions can be drawn from the 
experimental work presented in this thesis.
It has been concluded, from previous literature, that 
under most conditions, the red cell acts as if it’s membrane 
was a two component structure, one component being highly 
viscous, the other highly elastic. During the adhesion of 
red cells to foreign surfaces, the membrane may bind via 
either the viscous part of the membrane only, or via both 
parts together. The binding behaviour governs the subsequent 
fate of the cell, i.e. it will form either a lon'g viscous 
tether, or a short elastic one, and may or may not rupture 
in either case. The more elastic portion of the membrane can 
possibly be represented by the spectrin complex, maybe along 
with the membrane’s intrinsic 'anchor' proteins,while the more 
fluid part of the membrane maybe represented by the lipid 
bilayer.
If a red cell undergoing haemolysis is considered, a 
model consisting of a fluid or weak gel surrounded by a two 
component viscous and elastic 'bag' is likely. Furthermore, 
while during normal flow conditions a fluid drop model of 
red cell behaviour is tenable, this model is not applicable 
to the events of haemolysis.
CHAPTER 9
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It is suggested that mechanical haemolysis is a surface 
induced phenomenon. This conclusion is supported by results 
presented in chapter 7, and also by other workers.
From work presented in this thesis it is concluded 
firstly, that when red blood cells are subjected to shear 
stress in a foreign environment, plasma in some way has a 
protective effect. This protection increases with time of 
exposure, but not necessarily with increasing shear rate. A 
possible mechanism of protection maybe the deposition of 
plasma proteins onto the surface of the foreign material.
The existance of this film was demonstrated by immunofluorescent 
labelling, and it is composed chiefly of fibrinogen and 
albumen. The coating is not uniform and can become damaged 
in places, as shown by both light and electron microscopy.
In the shear-time field no critical level of either 
shear rate or time of exposure was noted. This implies that 
some degree of haemolysis must always occur when blood 
contacts foreign environments.
It has been shown that the microtopography of the 
foreign surface is an important factor governing haemolysis.
A rugosity peak to peak distance of 2.5 microns is shown to 
be most damaging to red cells. The reason for a maximum 
damaging period is unclear, however it is suggested that this 
period represents either a surface which causes maximum 
distortion to an approaching red cell membrane, or forms a 
surface of maximum area, and thus energy.
A technique for observing red cell interactions with
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foreign surfaces at very high resolution was devised, and it 
is envisaged that exploitation of this technique in the future 
may result in further insights into the interaction of red 
cells with foreign surfaces.
The oxygenation if blood in a cone-plate viscometer was 
also studied, and it was concluded that oxygenation and also 
decarboxylation occurred at the periphery, and the remainder 
of the blood received oxygen by virtue of secondary, radial 
flows under the cone surface.
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THE ORTHOTOLIDINE TEST
The orthotolidine test, as used in these 
experiments, is that devised by Lewis (1965). This relies 
upon the conversion of a leuco form of o-tolidine to a green 
primary oxidation product, in the presence of hydrogen 
peroxide. The reaction can only proceed if a suitable electron 
acceptor is present, in this case haemoglobin. The primary 
product optical absorbtion is measured in a PYE Unicam SP600 
spectrophotometer at 630 nm.
Haemoglobin (Hb) standard p rep a ra tion
20 ml fresh blood is centrifuged at 2000 rpm for 
20 minutes. The red cell pellet is then resuspended in 0.9% 
saline and frozen solid overnight. The blood is then thawed 
and centrifuged at 12,000 rpm for 1 hour and the supernatant 
removed. Its Hb content is measured by the cyanmetahaemoglobin 
method.
This standard is then diluted to 200 mg % with Hb 
free plasma. This standard is then stored at 4°C.
Cyanmetahaemoglobin e s t im a tio n
(1) 0.025 ml standard is placed into 4 ml Drabkins 
solution and vortexed.
(2) Stand for 10 minutes.
APPENDIX A
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(3) Read optical density at 540 nm against blank.
(4) Read optical density of commercial cyanmeta-
haemoglobin standard at 540 nm against blank.
(5) Hb content in mg % =
O ^ s 'tandard * conGentra‘tion standard x 160
0-tolidine test for unknowns
All glassware is chromic acid washed.
A standard curve set of glass tubes is set up
containing, in duplicate, 5, 10, 25, 50, 75, 100, 150 and 
200 mg % haemoglobin standard.
Two reagent blank tubes are set up.
Unknown tubes are set up,in duplicate, containing 
1 ml o-tolidine reagent.
25 i^l unknown plasma is added to each duplicate by 
oxford pipette and these tubes are left for 2 minutes.
1 ml hydrogen peroxide reagent is then-added to 
each tube which is then vortexed and allowed to stand for 
10 minutes.
The reaction is stopped after exactly 10 minutes 
with 10 ml acetic acid diluent in each tube.
The optical density of each duplicate is then read 
at 630 nm and this value converted to mg % Hb via the standard 
curve constructed from the standard curve tube results.
Three standard curves constructed on consecutive 
days are shown in Fig. Al.
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Fig. A l . o-tolidine test:- three consecutive standard curves.
O.D. at 630 mm.
APPENDIX B
COMPARATIVE DATA FOR HUMAN AND BOVINE BLOOD.
Bovine Human
Colloid osmotic pressure (mmHg) 280 330
RBC specific gravity 1.084 1.09
Serum:relative viscosity 1.67 . 1,86
RBC count (millions/cu mm) Q 8.1 4.8©■
RBC . mean corpuscular volume (cu p.) 50 87
*'v‘- " '■© ' ©
RBC diameter (ju) 6.0 7.5
. \ ' ,  .
Haematocr.it 38.6 4©' . ,42
* ’From:- Blood and other body fluids. Biological handbook 
Fed. AM. Soc. Exp. Biol. D+Dittmer Ed. \
•Washington D. C. 1961. '• : ■* . ' /© /ft © '©•: •'
\
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